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FOREWORD

This Water-Supply Paper is the first in a periodic series that will present short
mapers in the hydrologic sciences. The emphasis will be on new methods, tech-
niques, and ideas or innovative applications of known techniques to solve hydro-
‘ngic problems. Reviews and syntheses of recent work, available only in scattered
wublications, also will be included. Publication will be twice a year or more
frequently as the number of contributions warrants.

The series is intended to be a forum for new ideas in hydrology. Dialogue be-
*ween readers and authors is encouraged, and a discussion section for readers’
~omments and authors’ replies will be included in each issue after the first.

Address comments to Editor, Selected Papers in the Hydrologic Sciences, U.S.
“eological Survey, 423 National Center, Reston, VA 22092.

Philip Cohen
Chief Hydrologist



SI UNITS AND U.S. CUSTOMARY EQUIVALENTS

SI, International System of Units, a modernized metric system of measurement. All values have been rounded to four significan
digits. Use of hectare (ha) as an alternative name for square hectometer (hm?) is restricted to measurement of land or water
areas. Use of liter (L) as a special name for cubic decimeter (dm?®) is restricted to the measurement of liquids and gases.

Sl unit U.S. customary SI unit U.S. customary

equivalent equivalent
Length Volume per unit time (includes flow)

nanometer (nm) = 0.000 000 39 inch (in) liter per second (L/s) = 0.035 31 foot® per second

micrometer (uzm) = 0.000 039 37 inch (in) (ft*/s)

millimeter (mm) = 0.039 37 inch (in) 15.85 gallons per minute

centimeter (cm) = 0.3937 inch (in) (gal/min)

meter® per second = 35.31 feet® per second

meter (m) = 3.281 feet (ft) (m*/s) (ft'/s)

1.094 yards (yd) 15 850 gallons per minute
kilometer (km) = 0.621 4 mile (mi) (gal/min)

Area Mass
centimeter? (cm?) = 0.155 0 inch? (in?) microgram (ug) = 0.000 00 1543 grain (gr)
meter? (m?) = 10.76 feet? (ft?) gram (g) = 0.035 27 ounce avoirdupois

1.196 yards? (yd?*) (oz avdp)

0.000 247 1 acre kilogram (kg) = 2.205 pounds avoir-
hectometer’ (hm?) = 2.471 acres dupois (Ib avdp)
kilometer? (km?) 0.386 1 mile? (mi?) -

Mass per unit volume
Volume
microgram per
centimeter’ (cm?) _ . . kilogram } = 1 part per billion
milliliter (mL) - 0.061 02 inch” (in’) (ug/kg) (ppb) by weight
11 3 3 1 3 - H

c_leclmeter (dm?) - 6102 inches® (in’) microgram per liter = 0.000 05841 grain per gallon
liter (L) (pg/L) (gr/gal)

1.057 quarts (qt) iy . _ p

milligram per liter = 0.05841 grain per gallon

0.264 2 gallon (gal) (mg/L) (@r/gal)

0.035 31 foot? (ft*)
meter* (m®) = 35.31 feet® (ft*)

1308 vards’ (yd) Temperature

264.2 gallons (gal) kelvin (K) = [degree Fahrenheit (°F} (°)+459.671/1.8
0.000 810 7 a“(e'f°°f‘n degree Celsium (°C) = [degree Fahrenheit (°F) (°)—32]/1.8
acre-
hectometer’ (hm’) = 810.7 acre-feet Electric conductance
(acre-ft)
kilometer® (km"*) = 0.239 9 mile’ (mi*) microsiemens (uS) = 1 micromho

Any use of trade names and trademarks in this publication is for descriptive purposes only and does not constitute endorsemen
by the U.S. Geological Survey.
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A TECHNIQUE TO MEASURE OXYGEN IN THE ROOT
ZONE OF SATURATED AND UNSATURATED SOILS

By Virginia Carter, David Shultz,
Mary Keith Garrett', and Wayne E. Webb

Abstract

The rapid, accurate measurement of the oxygen content of
soil gas in the unsaturated zone or dissolved oxygen in soil
water in the saturated zone can be useful in wetland vegeta-
tion studies. A method has been devised and tested in the
Great Dismal Swamp, a wetland with fine silt-clay and
organic soils, that appears to provide good results. A
60-milliliter sample of soil gas or water is withdrawn from
permanently installed chambers at various depths in the soil
profile. The oxygen concentration of air samples is measured
with a specially constructed analyzer cell fitted to the
polarographic oxygen electrode of a portable oxygen meter.
The dissolved oxygen concentration of water samples is
measured directly with the oxygen electrode while stirring
the sample in a 32-milliliter glass bottle with a portable
magnetic stirrer. Field tests with duplicate chamber installa-
tions showed that consistent results are obtained for soil gas
and water.

INTRODUCTION

The oxygen content of the soil gas or water in the
root zone is a sensitive indicator of the amount of ox-
ygen available to roots. Low oxygen concentrations in
soil water are probably the primary limiting factor for
wetland plants, although toxic accumulations of ions,
organic acids, and gases resulting from anaerobic
respiration by soil bacteria may exert secondary effects
(Whitlow and Harris, 1979; Gill, 1970). Anaerobic soil
conditions lead to a decrease or cessation of aerobic
root respiration, decreased root growth and transloca-
tion, and accumulation of toxic metabolic products
(Gill, 1970; Patrick and others, 1973). Although the op-
timum amount of gaseous oxygen for root development
and plant growth varies greatly with species and age of
plant, it appears that most plants require an oxygen
content greater than 10 percent in the soil gas (Patrick
and others, 1973).

In spite of the importance of oxygen in the root zone,
the oxygen content of soil air or water has not been

'U.S. Fish and Wildlife Service, Suffolk, VA 23434,

measured routinely in wetlands. There is no fast,

reliable method of performing a large number of
analyses in the field, and the fluctuation in wetland
water levels necessitates making oxygen measurements in
whichever of the two phases are at the root level.
Methods have been developed for measuring soil gases
with a diffusion chamber (for example, Robinson, 1957;
Yamaguchi and others, 1962), but these involve large
volumes of gas or transfer to a gas chromatograph in

the laboratory. Fox and Rolfe (1982) developed a field
method for collecting soil solutions from flooded soils
to determine oxidation-reduction potentials. Patrick
(1977) developed a field method for the rapid measure-
ment of soil oxygen at various depths in the soil profile
above the water table; the method was used to deter-
mine oxygen content of soil air and root development of
cotton (Patrick and others, 1973) and sugar cane
(Patrick and others, 1969) in Mississippi River alluvial
soils.

More recently, Patrick (1977) developed a field
method to measure oxygen concentrations in the
saturated and unsaturated zones in wetland transition
zones in Mississippi and Louisiana. A small plastic
chamber connected to the surface by a copper tube is
inserted into an augered hole, the hole is sealed above
the chamber, and the air in the chamber is allowed to
equilibrate with the water surrounding the chamber.
After about 3 weeks, the oxygen content of the chamber
air approximates that of the water in the root zone.
Oxygen measurements are made using a standard
Yellow Springs Instrument oxygen meter and
polarographic electrode fitted with a specially con-
structed analyzer cell of small internal volume. This
method is difficult to use in fine silt-clay soils high in
organic material; chamber emplacement is difficult
because auger holes tend to cave in and the chamber
screens tend to clog when air is withdrawn.

This paper describes a method for making oxygen
measurements in the saturated and unsaturated zone of
such soils. The technique requires 60-mL samples of air
or water and provides a rapid analysis of oxygen con-
centration. Laboratory tests on a variety of experimental
chambers showed that this design gave consistent results
without clogging the chamber screens.
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CHAMBER CONSTRUCTION

The oxygen chambers?® or reservoirs consisted of a
187-mm length of Johnson polyvinylchloride (PVC),
10-slot (0.25-mm opening), 41-mm outside diameter well
screen capped on both ends (fig. 1) and connected to
the surface by two copper access tubes. A small hole
was drilled in the botton cap for drainage, and two
small holes, approximately 3 mm in diameter, were
drilled in the top cap for the copper access tubes. Two
copper access tubes, 3-mm outside diameter and
1.65-mm inside diameter, were inserted through the up-
per cap. The length of the tubes depends upon the
desired depth of installation. In the Great Dismal
Swamp of Virginia and North Carolina, where root-
zone oxygen was to be measured, water levels are high
enough to require at least 310 mm of tubing above
ground. The shorter tube was flared and fitted at the
bottom of the upper cap and held in the chamber by a
sleeve of Tygon tubing with 1.65-mm inside diameter
supplemented with PVC glue. The longer tube extends
to within 13 mm of the bottom of the chamber and was
held in place by a loop in the tubing inside the cap and
a Tygon sleeve supplemented with PVC glue outside the
cap. Both caps were glued on the well screen with PVC
glue. The outside of the chamber and the bottom of the
drain hole were covered with a stainless steel wire cloth,
mesh size 325.

The wire cloth was fastened to the well screen with a
hot soldering iron which melts the plastic through the
wire-cloth fibers. The two access tubes were each topped
with a short piece of Tygon tubing closed by a plastic
rachet tubing clamp. The installation depth is the
distance between the center of the chamber and the
ground surface. The volume of the chamber is estimated
to be 160 mL.

*The specifications of the oxygen chambers are intended to show
their scale. Substitutions of similar, but not identical, material should
pose no difficulty.

2 Technique To Measure Oxygen in the Root Zone

CHAMBER INSTALLATION

A 51-mm diameter hole was augered with a hand
auger to a depth of 95 mm more than the desired in-
stallation depth. The chamber was inserted, and the
hole replaced in reverse order. Every attempt was made
to minimize disturbances of the surrounding soil when
repacking the soil material. Installation may be at any
desired depth; chambers in the Dismal Swamp were
placed at 310, 457, and 762 mm. Typically, two
chambers were placed at each depth at each site. Table
1 shows the measurements made in the Great Dismal
Swamp using duplicate installations at two depths on
one transect on July 7, 1983. The mean difference in the
dissolved oxgen of 10 duplicate samples is 0.2 mg/L,
and the mean difference in oxygen in soil gas of 4
duplicate samples is 1.1 percent.

ANALYZER SYSTEM

Portable polarographic oxygen analyzers with oxygen
electrodes were used for oxygen measurements. Because
soil-gas measurements require a dry membrane, we used
two oxygen analyzers and electrodes—one for gas meas-
urements and the other for water measurements. A spe-
cially constructed cell of stainles steel with a gas inlet
and outlet is employed for doing the soil-air measure-
ments (Patrick, 1977). The cell is machined to thread
onto the top of the oxygen electrode and was designed
so that the internal volume of the cell is about 1 mL.

An O-ring seal in the cell maintains the integrity of the
air sample during contact with the membrane surface.
Any battery-operated field oxygen meter capable of
measuring oxygen in air and water can be used, but the
cell must be custom fabricated to fit the electrode.

MEASURING OXYGEN

Before use, the oxygen meters were calibrated. The
meter used for dissolved oxygen was calibrated using
standard air calibration techniques. The gas meter was
calibrated by drawing an air sample into the cell and
setting the meter to 21-percent oxygen on the tempera-
ture scale. The zero oxygen point can be checked by
drawing nitrogen through the cell. Experience indicates
the 21-percent oxygen check should be done frequently
in the field, both before and after measurements.

In the field, a plastic syringe with a short piece of
flexible Tygon tubing and a plastic nozzle was attached



/

Depth of installation

Hole covered -_|
with wire cloth

s L Copper tubing

: Tygon sleeves

i N Pipe cap
L pve)

Wire cloth
stainless steel

" | — Well screen

(PVC)

Pipe cap
(PVC)

Figure 1. Details of oxygen chamber construction (exploded

view from below).
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Table 1. Oxygen measurements on the King Transect, Great Dismal Swamp, Virginia and North Carolina, July 7, 1983
[Two chambers are installed at each depth; at site 15, there are three chambers at 457 mm; n.d., no data obtained]}

Oxygen
Depth, Dissolved, Soil gas,
Site Number in millimeters in milligrams per liter in percent
2 310 n.d. 18
310 n.d. 18
457 n.d. 18.5
457 n.d. 17
10 310 n.d. 16
310 0.9 n.d.
457 0.6 n.d.
457 0.7 n.d.
15 310 0.7 n.d.
310 0.8 n.d.
457 1.2 n.d.
457 0.9 n.d.
457 1.0 n.d.
20 310 n.d. 12
310 n.d. 14
457 1.0 n.d.
457 1.0 n.d.
23 310 n.d. 12
310 n.d. 13
457 n.d. 15
457 n.d. n.d.
27 310 0.8 n.d.
310 1.3 n.d.
457 0.7 n.d.
457 0.6 n.d.
30 310 1.0 n.d.
310 0.9 n.d.
457 1.3 n.d.
457 1.1 n.d.
40 310 0.9 n.d.
310 1.4 n.d.
457 0.7 n.d.
457 0.8 n.d.
to the short access tube, and a sample was withdrawn. was needed to withdraw gas from the chamber, the gas
Back pressure indicated that the chamber was filled with sample was not drawn directly through the analyzer cell
water rather than gas. To measure soil oxygen content to prevent changing the membrane calibration. Con-
above the water table, 60 mL of gas was withdrawn secutive oxygen readings from the same chamber usually
through the short copper access tube. The air in the agreed within 2 percent. The total volume of the access
syringe then was pushed slowly through the analyzer tube and analyzer cell for a 762-mm-deep chamber is
cell, and a reading was taken when the meter reading approximately 2.6 mL so that withdrawal of 60 mL in-
was steady. Because an appreciable vacuum sometimes sures that 96 percent of the gas passing through the cell

4 Technique To Measure Oxygen in the Root Zone



is from the gas chamber. A reading can be takenin 2 to
3 minutes.

If the water table was above the chamber, the syringe
was connected to the longer access tube, and a piece of
flexible Tygon tubing containing flowing nitrogen was
inserted in the short acess tube. Sixty milliliters of water
were withdrawn and replaced by the nitrogen. A small
hole in the nitrogen-supply tubing prevents excessive
nitrogen pressure from entering the chamber during
sampling. The nitrogen prevents any partial vacuum in
the chamber. Withdrawing a sample without a simulta-
neous injection of nitrogen caused water outside the
chamber to transport particulate material that clogged
the fine screen.

After the sample was withdrawn, the short access
tube was left open so that the nitrogen could escape as
the chamber refilled. This may require several hours
because of the low hydraulic conductivity of the sur-
rounding soil. The water sample in the syringe was very
carefully expressed through the Tygon tubing into the
bottom of a 32-mL bottle, which contained a very small
magnetic stirring rod, and was allowed to overflow. The
head of the oxygen probe fits snugly into the top of the
bottle, and the bottle is placed on a battery-operated
magnetic stirrer. Oxygen measurements take 2to 3
minutes.

When the water table is located near the midline of
the chamber, it is possible to make both an air and
water reading providing the air reading is done first.

CONCLUSION

This technique provides a fast, reliable method of
performing a large number of oxygen measurements in

the field. Oxygen can be measured in the root zone
regardless of which phase, water or gas, is at the level

of the chamber. In addition, water samples can be easily
withdrawn from the chambers for measurement of other
water-quality parameters such as pH.
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A SYSTEM FOR MEASURING SURFACE RUNOFF
AND COLLECTING SEDIMENT SAMPLES FROM

SMALL AREAS

By John R. Gray and M. Peter deVries

Abstract

A system has been developed for measuring surface runoff
and collecting water-sediment samples from small areas
(plots) on a low-level radioactive waste disposal site in north-
western lllinois. Runoff from an 11-square-meter plot is
routed through a Parshall flume. Peak discharge is computed
from a peak stage measured in a flume stilling well and a
stage-discharge relation for the flume. The flume discharges
into a 20-liter primary collecting vessel. Runoff exceeding 16
liters is pumped from the primary vessel until 4 liters remain.
Pumpage is routed through a cone-splitting chamber, which
divides flow into 10 equal parts. One part is retained in addi-
tion to that stored by the primary vessel for subsequent
measurement and sediment-sample collection. The device,
called the dekaport divisor system, enables collection of
reliable runoff and sediment yield data from small areas.

INTRODUCTION

Fractional hectare areas (plots) have been used in the
United States since 1917 to measure soil and water
losses due to rainfall and snowmelt. Most plot gages
were designed and built by groups interested in specific
problems; hence, a variety of equipment designs have
evolved (see Mutchler, 1963, p. 1). This report describes
the dekaport divisor system that was developed to ob-
tain runoff and sediment-transport data at trench covers
on a low-level radioactive waste disposal site near Shef-
field in northwestern Illinois (Heim and Machalinski,
1980, p. 3-8). The system also enables the determination
of rainfall-runoff relations when precipitation is
measured.

Although many factors influenced the design of the
system, the imposed absolute constraints on the type
and capacity of flow measuring and sampling equipment
used are as follows:

1. Access to the site is limited from 0800 to 1630 hours
on weekdays. To collect data during nonaccess
periods, an automated data-collection system was
needed.

2. An anticipated brief duration of runoff and the need
to avoid retarding runoff from the plot (such as
with a hydraulic constriction to form a stable

stage-discharge control) prevented the use of con-
ventional stream-gaging techniques to meter flow
(Rantz and others, 1982).

3. The site custodian preferred relatively small installa-
tions that required a minimum of excavation,
which precluded the use of large flow collection
tanks.

4. Land-surface slope downstream from site plots does
not exceed 3 percent, which necessitates a pumping
system as opposed to a gravity system to deliver
plot runoff to a measuring device.

5. Distance from crests of selected trench covers to
adjacent valleys is about 6 m. Flow converging at
the base of this 6-m length emanates from about
11 m? of land surface. Hence, plots of about 11 m?
in size were selected for study.

The design of the dekaport divisor system was influ-

enced by sampling and measuring devices described by

the U.S. Department of Agriculture (1979, p. 245-250),

Hewlett (1979, p. 5-7), Mutchler (1963), and G. H.

Leavesley (U.S. Geological Survey, oral commun.,

1983). However, none of those devices were applicable

directly at the Sheffield site.

DESIGN CRITERIA

A measuring and sampling system incorporating a
flume, pump, flow splitter, and storage vessels was
designed for use at study plots. Maximum volumetric
capacity was selected based on the runoff from an
11-m? area that can be expected to result from the
24-hour-duration, 50-year rain for the region of 183 mm
(Illinois State Water Survey, 1970, p. 5). The system can
measure and sample runoff depths up to 195 mm (equal
to avolume of 2,140 L).

The flume, pump, and flow splitter were selected for
their ability to accommodate the peak discharge induced
by the 1-hour duration, 100-year rain for the region.
The rational formula was used with a runoff coefficient
of 1.0 (100-percent runoff) and 84 mm of rain per hour
on an 11-m? plot to compute a peak discharge of
0.25 L/s (Chow, 1964, chap. 14, p. 6-8). The system

Selected Papers in the Hydrologic Sciences
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pumps at a rate of 0.32 L/s. The flume can accommo-
date flows under 0.5 L/s with minimal ponding
upstream.

EQUIPMENT

The major components of the dekaport divisor system

(fig. 1) are as follows:

1. A Parshall flume with a 76.2-mm throat, an at-
tached stilling well, and sheet-metal wing walls
extending 1 m upstream from the flume entrance.

2. A ?20-L primary collecting vessel positioned beneath
the flume outfall with upper and lower floats to
operate pump-controlling switches.

3. A JABSCO pump powered by a 12-volt battery and
operated by the float switches through a fuse-
protected self-latching relay.

4. Anintake pipe with a screened orifice.

5. A discharge hose.

6. A GEOTECH 10-port cone-splitting chamber with a
sample tube (12.7-mm inside diameter, 0.75-m
long) attached to one port.

7. A wind shield protecting the splitting chamber.

8. A 208-L auxiliary collecting vessel and lid with a
hole to accommodate the sample tube.

9. Aleveling bracket anchored to the auxiliary vessel
lid supporting the splitting chamber base in a
horizontal position.

10. A 20-L secondary collecting vessel inside the aux-
iliary vessel.

11. A partially buried gage shelter.

RUNOFF COLLECTION

Each plot is bordered by 100-mm-wide plastic edging
buried on edge 50-mm deep to delineate drainage area
while avoiding disruption of preexisting flow patterns.
Surface runoff from either rainfall or snowmelt is
routed by the edging and wing walls through the flume.
The flume discharges into the primary collecting vessel
in the gage shelter, where heavy sediments, if any, settle
out. If volume of flow exceeds 4 L, a rise in the lower
float trips one of the two switches required for pump
activation.

When flow volume exceeds 16 L, a rise in the top
float trips a second switch, closing the self-latching relay
and activating the pump. The pump draws from the pri-
mary vessel through a screened intake orifice at
0.32 L/s. As the primary vessel is drained, the top-float
switch opens, but the relay continues to transfer power
to the pump through the self-latching mechanism. When
the contents of the primary vessel falls to 4 L, the lower

float drops, opens the switch, and stops the pump. The
duration of the pump cycle is about 42 seconds, but it
may be longer if runoff occurs concomitantly. The cycle
repeats each time more than 16 L of runoff accrues in
the primary vessel. Pumpage is routed by way of a dis-
charge hose into the splitting chamber which divides
flow into equal parts through 10 exit ports. Nine parts
are automatically discarded downstream from the plot;
the tenth passes through the sample tube into the aux-
iliary collecting vessel. The first 20 L of sample aliquot
are stored within the secondary vessel. Further sample
port discharge exceeds the secondary vessel’s capacity
and is contained by the auxiliary vessel.

FLOW MEASUREMENT

Upon cessation of runoff, aliquots may be in the
secondary vessel or in both the secondary and auxiliary
vessels, in addition to the part retained by the primary
vessel. Runoff volume in the primary vessel is computed
from a depth measurement and a depth-volume relation
for the vessel. When the secondary vessel does not over-
fill, its contents also are quantified from a depth
measurement and a depth-volume relation. When flow
is retained in both the secondary and auxiliary vessels,
total contents are measured by (1) removing the second-
ary vessel from the auxiliary vessel, (2) computing the
volume of the aliquot removed with the secondary
vessel, (3) computing the aliquot remaining in the aux-
iliary vessel based on a depth measurement and a depth-
volume relation for the auxiliary vessel, and (4) adding
the volumes of the two aliquots.

Runoff depth is determined as follows:

V +K (V.+V))

R=
A I

where R is runoff depth, in millimeters:
V. is the runoff volume in the primary collecting
vessel, in liters;
K is a factor expressing the sample port aliquot
as a percentage of pumpage;
V, is the aliquot retained in the secondary vessel,
in liters;
V, is the aliquot retained in the auxiliary vessel,
in liters;
A is the area of the plot, in square meters.
Peak stage is determined by measuring the maximum
height of crushed cork on a stick in the stilling well
relative to the flume base. Peak discharge is computed
from peak stage by using a published stage-discharge
relation for the flume (Kilpatrick and Schneider, 1982,
p. 15).

8  Measuring Surface Runoff and Collecting Sediment Samples From Small Areas



WIND SHIELD INTAKE PORT
EROM ./ (CONNECT TO
TEN-PORT HOSE FROM
CONE-SPLITTING PUMP)
oo CHAMBER gl
Z
)
N\
AUXILIARY
COLLECTING
e VESSEL
EXIT
PORT

\

DISCHARGE HOSE TO TEN-PORT
CONE-SPLITTING CHAMBER

GAGE SHELTER

FUSE
BATTERY

7»
//\\\ }
//\

PUMP/‘ T

LOWER FLOAT
SWITCH

/\:.a"

dl‘

¢ \\O\\/

LOWER FLOAT

| __——SAMPLE TUBE

|
L SECONDARY
COLLECTING
VESSEL

SELF-LATCHING RELAY

UPPER FLOAT SWITCH
PARSHALL FLUME

51"UPPER FLOAT

.0: ;

WING WALL
<= FLOW
CEREA 5 ﬁ
o 7 PLASTIC
‘) A\ =7 FetiLing EDGING

WELL

INTAKE PIPE

{

"H<_ PRIMARY COLLECTING VESSEL

R ACIR. - S0 A

\\\/Q 2> >

/r

2N
INTAKE SCREEN

Figure 1. Dekaport divisor system for measuring surface runoff and collecting water-sediment samples from small areas.

Three dekaport divisor systems were tested at the
Sheffield site to determine the K factor. After flushing
tap water through the system, a known quantity of tap
water (approximately 16 L) was added to the primary
vessel. The pump then was operated until automatic
shutoff occurred. Water remaining in the primary
vessel was measured and subtracted from the initial
volume to determine pumpage. The contents of the sec-
ondary vessel were measured and discarded following
each trial. Results of each trial are shown in table 1.

A comparison of K values for each dekaport divisor

system was made by calculating a percent error for
each trial by the following equation:

X=X
Ei - _—i'— (lm)a
where E, is the percent K error for the ith trial in rela-
tion to the mean K;
X is the mean K for the trials;
x, is the K for the ith trial.
Excluding the error from the mean of -8.9 percent for
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Table 1. Dekaport divisor system calibration tests for determination of K factor

Dekaport divisor system

A B
Sample Sample Sample
Trial port K port K port K
Pumpage, aliquot, factor, Pumpage, aliquot, factor, Pumpage, aliquot, factor,
in in in Percent in in in Percent in in in Percent
liters liters percent error! liters liters percent error! liters liters percent error!
1 12.01 1.20 10.0 -1.9 13.82 1.36 9.8 +1.5 10.59 1.12 10.6 - 8.9
2 12.01 1.22 10.2 -4.0 13.74 1.38 10.0 -.5 13.14 1.25 9.5 +2.0
3 12.18 1.21 9.9 -1.3 13.07 1.32 10.1 -.6 11.37 1.08 9.5 +2.0
4 12.50 1.25 10.0 -14 12.23 1.28 10.4 —-4.2 12.21 1.16 9.5 +2.6
5 13.47 1.32 9.8 +.4 11.47 1.15 10.0 -.3 11.80 1.18 10.0 -3.5
6 12.01 1.19 9.9 -1.1 12.23 1.21 9.9 +1.1 12.04 1.15 9.6 +1.6
7 10.87 1.06 9.8 +.1 12.40 1.26 10.2 -1.6 10.62 1.02 9.6 +1.4
8 11.61 1.12 9.6 +2.1 13.74 1.36 9.9 +1.4 11.84 1.15 9.7 -.1
9 12.57 1.19 9.5 +3.5 11.94 1.17 9.8 +2.6 12.43 1.18 9.5 +2.7
10 12.63 1.20 9.5 +3.6 13.17 1.31 ll()_ +.5 11.87 1.15 9.7 +.2
Mean 9.8 Mean 10.0 Mean 9.7
Standard Standard Standard
deviation .24 deviation .19 deviation .35
Standard error Standard error Standard error
of mean .08 of mean .06 of mean 11
'Percent error is calculated from
XX
Ei = (100),

X

where E; is the percent K error for the ith trial in relation to the mean K;

X is the mean K for the trials; and
x; is the K for the ith trial.

dekaport C, trial 1, the extreme in errors for all trials
are + 3.5 and —4.2 percent. A one-way analysis of
variance showed no statistical difference between mean
K factors computed for each system at the 95-percent

confidence level. The mean K value of 9.83, from the 30

trials, is used for flow computations at each dekaport
divisor system at the Sheffield site.

Sediment-Sample Collection

A sample of runoff is analyzed to determine sediment

concentration and particle-size distribution. Results of
concentration analyses are used with runoff depths to
compute sediment yields. The particle-size distribution
of sediment in runoff is indicative of the size distribu-
tion of surficial material and the ability of runoff to
transport particles.

Procedures for sample collection depend on runoff
volume. If runoff is confined to the primary vessel, a
sample is obtained by collecting at least 0.3 L of the
primary vessel’s contents from a Survey cone splitter

(R. F. Middleburg, U.S. Geological Survey, written
commun., 1980). If runoff is retained in the secondary
vessel or in both the secondary and auxiliary vessels, a
single sample is obtained as follows: 10-percent of the
primary vessel’s contents is collected by passing the total
contents through a Survey cone splitter and retaining the
discharge from one port, the 10-percent split is com-
bined with the contents of the secondary and auxiliary
vessels, and the entire resulting volume is passed
through the Survey cone splitter. A minimum split of 10
percent is available from the cone splitter; therefore,
total volumes greater than 10 L may have to be split
more than once to obtain a maximum I-L sample.

Sediment yield is computed by the following equa-
tion:

S=RC (1073,

where S is sediment yield in grams per square meter;
R is runoff depth, in millimeters; and
C is sediment concentration, in milligrams per
liter.

10 Measuring Surface Runoff and Collecting Sediment Samples From Small Areas



DISCUSSION AND CONCLUSION

Although the dekaport divisor system was developed
in response to a specific problem, the design is readily
adaptable for use in other runoff plot studies. For ex-
ample, higher peak flows may be accommodated by
connecting the primary vessel to another vessel by an
overflow tube to provide additional storage capacity
when discharge rate exceeds pumpage rate. Use of larger
pumps, 10-port splitters, and auxiliary collectors would
accommodate both greater runoff volumes and peak
flows. If retention of more than 10 percent of runoff is
desired, discharges from more than one exit port may
be collected.

In many cases, knowledge of the temporal variability
of runoff is desired. At the Sheffield site, the systems’
self-latching relays are used to send signals to a data
logger during pumpage, which occurs in response to ac-
cumulation of runoff in the primary vessel. Data from a
nearby tipping-bucket rain gage then can be used with
runoff data to assess rainfall-runoff relations for plots.

Dekaport divisor systems should be serviced following
each occurrence of runoff. More than one occurrence
can be accommodated by the system if criteria for max-
imum storage capacity and peak discharge are not
exceeded; however, samples collected will represent the
combined runoff. Volumes for each occurrence of
runoff may be determined if relay operation is recorded.

Freezing temperatures will likely cause a malfunction
in one or more subunits of the system. Dekaport divisor
systems operated during freezing temperatures must be
heated for proper operation.

A complete inspection of the system should be made
periodically and should include
1. Checking contents of all vessels;

2. Removing insects and debris from the primary vessel;
3. Inspecting the edging and wing walls for void spaces
caused by desiccation or collapse of surficial
material;
. Checking the stick in the flume stilling well for high-
water marks;
. Checking battery voltage;
. Testing the pump and lubricating it, if necessary, to
prevent seizure;
7. Ascertaining that the splitting-chamber base is
horizontal; and
8. Inspecting the splitting chamber for obstructions
(obstructions in the splitting chamber or in exit
ports will likely alter the percentage of pumpage
through the sample port).

Three dekaport divisor systems were installed at the
site during April and May 1983. From May through Oc-
tober, only one rainstorm (July 30) produced more than

PN
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16 L of runoff from any plot. Two systems functioned
properly during this storm; the third failed due to pump
seizure. Both the effectiveness of pumphead lubricants
and the availibility of pumps less prone to seizure are
being reviewed.

Primary collecting vessels accumulate insects and
animals, including mice, salamanders, and snakes.
Coarse mesh screens have been fastened to flume outfall
sections to reduce the accumulation of debris not
associated with runoff.

Preliminary runoff and sediment-transport data in-
dicate that yields from plots on trench covers are con-
sistently lower than yields from larger (1.1-1.3 ha) sur-
rounding gaged areas. The data also suggest that runoff
from trench covers is less dependent on slope than on
other factors, such as antecedent soil moisture condi-
tions or the mechanical properties of the underlying
soils. Data from plots with different slopes on a nearby
undisturbed area show a more positive relation between
slope and yields.

The dekaport divisor system was developed through
trial and error for use on plots on and near trench
covers at a low-level radioactive waste disposal site in Il-
linois. Experience indicates that, if designed, installed,
and serviced properly, dekaport divisor systems should
provide reliable runoff and sediment-transport data
from small areas.
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GEOCHEMICAL STUDIES OF ORGANIC CARBON
ASSOCIATED WITH VOLCANIC ASH FROM
MOUNT ST. HELENS, WASHINGTON

By Wilfred E. Pereira and Colleen E. Rostad

Abstract

A volcanic ash sample obtained after the May 18, 1980,
eruption of Mount St. Helens was found to contain signifi-
cant amounts of organic carbon. Characterization of organic
carbon using gas chromatography-mass spectrometry in-
dicated the presence of several classes of compounds, in-
cluding alkanes, hydroaromatic and aromatic hydrocarbons,
fatty acids, aromatic acids, aldehydes, phenols, chlorinated
aromatics, and tricyclic diterpenoids. The most probable
source of these compounds is volatilization of plant and soil
organic matter during the eruption, followed by sorption and
transport on ash particulates. Evidence indicates that
aromatic hydrocarbons are not products of pyrolysis of
organic materials. Tricyclic diterpenoid compounds probably
are precursors, intermediates, and end products in the
diagenesis of abietic acid to retene in forest soils. A
diagenetic scheme for conversion of abietic acid to retene is
presented.

INTRODUCTION

Mount St. Helens, a 40,000-year-old volcano in
southern Washington, erupted violently on May 18,
1980 (Mullineaux and Crandell, 1981). The volcano’s
last previous activity was in 1857, and, in 1975, Cran-
dall and others (1975) predicted it would erupt before
2000.

Following several minor ash and gas eruptions, a hot
lateral blast completely destroyed vegetation up to ap-
proximately 20 km north of the volcano. During the
eruption, vast quantities of ash from the volcano were
injected into the stratosphere. Although significant
quantities of ash fell back to earth in the vicinity of the
blast zone, prevailing winds transported the remainder
of the ash eastward, resulting in ash deposition over
large areas of Washington, Montana, and Idaho (fig.
1). Forests, vegetation, and soils in the immediate vicini
ty of the volcano were charred and pyrolyzed from the
intense heat. Large areas of vegetation were buried
under hot mudflows from melting glacial ice and snow,
resulting in the in situ steam distillation of organic com-
pounds derived from such wood constituents as lignins
and tannins. The concentration of dissolved organic car-
bon (DOC) in surface waters near the volcano increased

significantly as a result of destruction of the surround-
ing conifer forests (McKnight and others, 1982).

Initial studies of the ash were directed towards deter-
mination of its mineralogy and inorganic chemical com-
position (Hooper and others, 1980; Fruchter and others,
1980; and Taylor and Lichte, 1980). Column-leaching
experiments in the U.S. Geological Survey’s research
laboratories indicated that aqueous leachates of volcanic
ash contained significant concentrations of DOC-130
ug/g (Taylor and Lichte, 1980). A preliminary in-
vestigation of the organic compounds associated with
the ash revealed the presence of several classes of
organic compounds (Pereira and others, 1980, 1982). It
was presumed that large quantities of organic materials,
derived from the surrounding vegetation and soils,
pyrolyzed and vaporized during the eruption, and con-
densed on particulates in the ash cloud. Many of the
organic compounds associated with the ash were readily
leached by precipitation and found in surface waters
near the volcano for at least two summers following the
eruption (McKnight and others, 1982).

Ash samples collected at locations in Washington,
Montana, and Idaho (fig. 1) all contained significant
quantities of organic carbon (table 1). It was decided
that a definitive chemical investigation of organic car-
bon in the ash should be conducted to determine its
significance. A volcanic-ash sample collected near
Richland, Washington, was chosen for analysis based
on timeliness of sample collection, low probability of
contamination, and availability of sufficient quantities.
This report describes the investigation to determine the
origin, chemical characterization, and geochemical
significance of organic carbon associated with volcanic
ash at Richland, Washington.
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Figure 1. Thickness of ash deposited from the May 18, 1980, eruption of Mount St. Helens, shown by lines of equal uncom-
pacted thickness, in millimeters. (Modified from Sarna-Woijcicki and others, 1980.)

Table 1. Organic carbon in volcanic ash from Mount St.
Helens

Organic carbon,

Location in percent by weight

St. Maries, Idaho 0.05
Moscow, Idaho .06
Palouse, Washington .06
Ritzville, Washington .07
Spokane, Washington .07
Randle Ranger district, Washington .10
Richland, Washington 13
Richland, Washington .14
Randle Ranger district, Washington 14
Moses Lake, Washington .14
Kalispell, Montana .14
Coeur D’Alene, Idaho .16
Missoula, Montana .19
Almira, Washington 22

METHODS
Sample Collection

A volcanic-ash sample was collected by Todd Hinkley
(U.S. Geological Survey) at a site near Richland,
Washington (fig. 1), on May 18, 1980. The site was ap-
proximately 225 km from the eruption zone. The sample
was collected by sweeping ash into a sample container
from such exposed metal surfaces as picnic tables where
the probability of contamination was minimal.

14  Organic Carbon in Volcanic Ash From Mount St. Helens, Washington

Sample Preparation

A 20-g sample of the ash was extracted with benzene-
methanol (2:1) in a Soxhlet apparatus for 20 hours. The
extract was concentrated in a Kuderna-Danish apparatus
to a volume of 4 mL. One milliliter of the concentrated
extract was further concentrated in a stream of dry
nitrogen (N.) to a volume of 0.5 mL, then fractionated
in a column containing 3 g of activated silica gel, to ob-
tain an alkane fraction that eluted from the column in
the first 10 mL of hexane. No further fractionation was
done using silica gel. The hexane fraction was concen-
trated by evaporation in a stream of dry N, to a volume
of approximately 100 uL. After addition of a solution
of d,,-biphenyl as internal standard, the hexane fraction
was analyzed for alkanes by gas chromatography-mass
spectrometry (gc-ms). The remaining 3 mL of the con-
centrated extract was evaporated to dryness in a stream
of dry N,. The residue was methylated with an ether
solution of diazomethane and evaporated in a stream of
dry N, to a volume of approximately 100 uL. Follow-
ing addition of a solution of d,o-biphenyl as internal
standard, the methylated extract was analyzed by gc-ms.

A modified procedure was used for isolation of
diterpenoid-resin acids and aromatic hydrocarbons. A
50-g sample of ash was extracted with a benzene-
methanol mixture (2:1) in a Soxhlet apparatus for 24
hours. The extract was concentrated in a Kuderna-
Danish apparatus to a volume of 1 mL; 0.5 mL of the
concentrated extract was evaporated under a stream of
dry N, to a volume of 0.1 mL and fractionated on a



micro column containing 3 g of activated silica gel. The
column was prewashed with two bed-volumes of hex-
ane. Five fractions were collected with the following
eluants: (1) 10 mL hexane, (2) 10 mL benzene, (3)

10 mL methylene chloride, (4) 10 mL methylene
chloride-methanol (1:1), and (5) 10 mL methanol. Each
fraction was evaporated in a stream of dry N, to a
volume of approximately 100 uL. Fraction 1 containing
the aliphatic hydrocarbons, fraction 2 containing the
aromatic hydrocarbons, and fraction 4 containing the

diterpenoid-resin acids were analyzed by capillary gc-ms.

Diterpenoid-resin acids were esterified with diazo-
methane in ether-methanol solution prior to gc-ms
analysis.

Instrumental Analysis

Instrumental analyses were performed on a Finnigan
OWA 20 capillary-gas chromatography, mass-
spectrometry system. The gc was equipped with a wall-
coated open tubular fused-silica capillary column 30 m
long by 0.26 mm inside diameter, coated with SE-54 or
DB-5 (J & W Scientific). The linear velocity of helium
(He) through the column was 29 cm/s; injections were

made using the splitless-injection technique. The gc oven

was held at 50°C for 4 minutes and programmed to in-
crease at a rate of 6°C/min to a maximum of 300°C.
One microliter of each sample extract was injected at
50°C. The vent valve was automatically opened at 45
seconds, and the filament and multiplier were automati-
cally turned on at 240 seconds. Data acquisition began
simultaneously with injection of the sample. The mass
spectrometer was operated in the electron-impact mode
using an ionizing voltage of 70 eV (electron-volts) and

100

an jonization current of 250 uA (microamps). The in-
strument was scanned repetitively from 40 to 450 amu
(atomic mass units) every 0.9 second.

RESULTS AND DISCUSSION

To study the nature of organic carbon associated with
the ash, it was necessary to isolate and characterize the
organic compounds using gc-ms. A mass chromatogram
(mass charge 57) characteristic of alkanes is shown in
figure 2. The chromatogram contains alkanes (n-C,s —
n-C;,) with a pronounced odd-even predominance be-
tween C,, and C,,, indicating that these compounds
were derived from higher plants (Giger and Schaffner,
1975). The chromatogram is unimodal, maximizing at
n-C,s, indicating a single source for these compounds.

A reconstructed ion chromatogram of a methylated
extract of volcanic ash is shown in figure 3. Organic
compounds identified are listed by general class type in
table 2, with their retention times, using d,,-biphenyl as
the internal standard. Data in table 2 indicate the
presence of several polycyclic aromatic hydrocarbons,
notably alkylated phenanthrene derivatives. These com-
pounds probably are derived from plant materials
(Youngblood and Blumer, 1975). Other classes of com-
pounds identified include fatty acids, dicarboxylic acids,
phenolic acids, and aromatic aldehydes. Many of these
compounds are derived from plant and soil organic mat-
ter (Schnitzer, 1978). Of special significance is the
presence of the tricyclic diterpenoid-resin acid,
methyldehydroabietate (compound VII, 12); the cor-
responding aldehyde, dehydroabietal (compound VIII,
5); and alcohol, dehydroabietol (compound 111, 4). The
presence of diterpene-resin compounds associated with
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Figure 2. Mass chromatogram (mass charge 57) characteristic of alkanes in volcanic ash from Richland, Washington.
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Figure 3. Reconstructed ion chromatogram (RIC) of a methy/

the ash indicates a source from higher terrigenous plants
(Simoneit, 1977). These compounds probably are de-
rived from coniferous species such as Douglas fir, which
is the major tree species of the surrounding forests.
Several chlorinated species also were identified in the
ash, including chlorinated derivatives of benzoic acid
and three pentachlorobiphenyl isomers. These com-
pounds could have been formed by pyrolysis of plant
and soil organic matter, in the presence of inorganic
chloride salts. Commercial polychlorinated biphenyl
(PCB) formulations are known to contain complex mix-
tures of isomers of chlorinated biphenyl. The presence
of only three pentachlorobiphenyl isomers indicates that
these compounds could have been preferentially syn-
thesized by a combustion process. However, the
possibility of atmospheric contamination of the ash
sample by PCB cannot be ruled out. Differential
weathering and immobilization of the various PCB con-
geners appear to favor survival and propagation of
pentachlorobiphenyl isomers (Fink, 1983). The

16 Organic Carbon in Volcanic Ash From Mount St. Helens, Washington

lated extract of volcanic ash from Richland, Washington.

chlorinated benzoic-acid isomers detected in the ash
probably are biodegradation products of lesser
chlorinated PCB’s (Shiaris and Sayler, 1982).

Based on the evidence presented so far, the data in-
dicate that organic compounds sorbed to the ash par-
ticulates probably originated from plant and soil organic
matter. Having determined the origin and chemical
nature of the organic carbon, it only remained to deter-
mine its geochemical significance. For this purpose, we
focused our attention on two classes of compounds:
cyclic terpenoids and hydroaromatic and aromatic
hydrocarbons (Pereira and Rostad, 1983). These com-
pounds were isolated by the modified procedure de-
scribed in the sample-preparation scheme in the experi-
mental section and analyzed by gc-ms. The compounds
identified are listed in table 3, along with the gc-ms and
retention index data. Structural formulas of these com-
pounds are shown in figure 4. With the exception of the
sesquiterpenoid cadalene (1), all other compounds listed
in table 3 are cyclic diterpenoids or hydroaromatic and



Table 2. Organic compounds identified in volcanic ash from
Richland, Washington

Table 2. Organic compounds identified in volcanic ash from

Richland, Washington—Continued

Relative retention time

Relative retention time

Compound (RRT) Compound (RRT)
I. Alkanes: 16. Heneicosanoic, methylester' —————————u—- 1.87
1. Pentadecane' 1.12 17. Docosanoicacid, methylester' ——————————- 1.93
2. Hexadecane' 1.22 18. Tricosanoicacid, methylester! ————————ww— 2.00
3. Heptadecane' 1.31 19. Tetracosanoicacid, methylester ———————w— 2.08
4. Octadecane' 1.40 20. Hexacosanoicacid, methylester ——————————- 2.28
5. Nonadecane' 1.48 21. Octacosanoicacid, methylester —————————— 2.59
6. Eicosane' 1.56
7. Heneicosane 1.63 V. Dicarboxylic Acids:
8. Docosane' 1.71 1. Butanedioicacid, dimethylester' —-——-——-- .58
9. Tricosane 1.78 2. Hexanedioicacid, dimethylester’ —————————- .84
10. Tetracosane' 1.84 3. Octanedioicacid, dimethylester’ —————--— 1.07
11. Pentacosane 1.91 4. Nonanedioicacid, dimethylester' ————————~ 1.17
12. Hexacosane 1.97
13. Heptacosane 2.05 VI. Ketones:
14. Octacosane' 2.13 1. 1H-Indene-1-one, 2,3-dihydro ~———---——— .89
15. Nanocosane 2.24 2. 1-Propanone, 1-phenyl .97
3. Ethanone, 1-(4-methoxyphenyl)- —————-— .97
II. Aromatic and Polycyclic Aromatic Hydrocar- 4. 2,5-Cyclohexadiene-1,4-dione, 2,6-bis
bons: (1,1-dimethylethyl)- 1.10
1. Benzene, l-ethenyl-3, 5-dimethyl- ————————- 1.15 5. 1H-Indene-1-one, 2,3-dihydro, 3,4,
2. Naphthalene, 1,6-dimethyl-4- 7-trimethyl 1.18
(1-methylethyl)- 1.30 6. Ethanone, 1-(3,4-dimethoxyphenyl)- -————- 1.19
3. Phenanthrene, methyl isomer ——--—-—-——- 1.52 7. 1-Propanone, 1-(2,4-dimethoxyphenyl)- --—- 1.28
4. Naphthalene, 1-phenyl- 1.56 8. 9H-Fluoren-9-one 1.36
5. Phenanthrene, dimethyl isomer ———----—— 1.62 9. 2-Heptadecanone' 1.48
6. Phenanthrene, trimethyl isomer ————————wv 1.70
7. Phenanthrene, tetramethyl isomer ——————— 1.74 VIL. Aromatic Acids:
1. Benzoicacid, methylester' ——-—-——~—————— .66
III. Alcohols: 2. Benzeneaceticacid, methylester' ————————— 77
1. 2-Propanol, 1,3-dimethoxy- -----—-—w—— 0.37 3. Benzoicacid, 2-hydroxy-, methylester ——-——- .79
2. 1,2-Propanediol, 3-methoxy- -———-——————- .41 4. Benzoicacid, 3-methyl-, methylester' ————- .80
3. 3-Piperidinol, 1-ethyl-6-methyl- ————————— .73 5. Benzoicacid, 4methyl-, methylester' ————— .81
4. 1-Phenanthrenemethanol, 1,2,3,4,4a, 6. Benzoicacid, methoxy-, methylester
9,10,10a-octahydro-1,4a-dimethyl- isomer .96
7-(1-methylethyl)- 1.85 7. Benzoicacid, methoxy-, methylester
5. 1-Docosanol 1.91 isomer 1.00
8. Benzoicacid, 3,4-dimethoxy-,
methylester 1.22
IV. Fatty Acids: 9. 2-Naphthalenecarboxylicacid,
1. Pentanoicacid, 4-oxo-, methylester —--——- .52 methylester’ 1.27
2. Octanoicacid, methylester' ——----——————- .70 10. 2-Propenoicacid, 3-(3,4-dimethox-
3. Nonanoicacid, methylester —~———————————— .82 yphenyl)-, methylester ———-——————~———— 1.47
4, Decanoicacid, methylester’ ———————————— .93 11. 1-Phenanthrenecarboxylicacid, 1,2,3,4,4a,
5. Undecanoicacid, methylester ~—————~—————- 1.04 5,6,7,8,9,10,10a-dodecahydro-1,4a,-
6. Dodecanoicacid, methylester’ —————————- 1.14 dimethyl-7-(1-methylethyl)-, methylester - 1.81
7. Tridecanoicacid, methylester’ ——-—-—————— 1.4 12. 1-Phenanthrenecarboxylicacid, 1,2,
8. Tetradecanoicacid, methylester' —~——-———— 1.33 3,4,4a,9,10,10a-octahydro-1,4a-,
9. Pentadecanoicacid, methylester' —--—---—-- 1.42 dimethyl-7-(1-methylethyl)-, methylester - 1.83
10. Hexadecanoicacid, methylester' ——~——————- 1.51
11. Heptadecanoicacid, methylester' ——-—-—-— 1.58 VIII. Aldehydes and Phenols:
12.  9-Octadecanoicacid, methylester ———-—————- 1.64 1. Benzaldehyde, 4-methoxy- ~—~~--—~~---—-- .86
13. Octadecanoicacid, methylester’ —————————— 1.66 2. Benzene, (trimethoxymethyl)- ————-———-—- 99
14. Nonadecanoicacid, methylester' ———-—————- 1.73 3. Benzaldehyde, 4-hydroxy-3-methoxy- ——-—- 1.14
15. Eicosanoicacid, methylester' ~——-————-———- 1.80 4. Benzaldehyde, 3,4-dimethoxy- ———————--—- 119
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Table 2. Organic compounds identified in volcanic ash from
Richland, Washington—Continued

Relative retention time

Compound (RRT)

5. 1-Phenanthrenecarboxaldehyde, 1,2,
3,4,4a,9,10,10a-octahydro-1,4a-,
dimethyl-7-(1-methylethyl)-, methylester - 1.78

IX. Chlorinated Aromatics:
1. Benzoicacid, chloro-, methylester

isomer 0.86
2. Benzoicacid, chloro-, methylester

isomer .88
3. Benzoicacid, 3,4-dichloro, methylester ——- 1.03
4. Pentachlorobiphenyl isomer ~-----—-—-—- 1.67
5. Pentachlorobiphenyl isomer ---------——— 1.73
6. Pentachlorobiphenyl isomer ———----——-—— 1.76

'Identity confirmed by comparison of electron impact spectra and
relative retention time with authentic standards.

aromatic hydrocarbons. Diterpenoids and sesquiter-
penoids are important constituents of higher plant resins
(Simonsen and Barton, 1961). Because their chemical
structure can be correlated by way of a set of diagenetic
changes to their source, these compounds are potential

biological molecular markers (Simoneit, 1977; Simoneit
and Mazurek, 1982).

Hydroaromatic and Aromatic Hydrocarbons

If forests, vegetation, and soils were pyrolyzed in the
eruption zone, pyrolysis products, such as complex
assemblages of polycyclic aromatic hydrocarbons
(PAH’s) characteristic of combustion processes (Lee and
others, 1976; Laflamme and Hites, 1978), should be
found sorbed to the ash particulates. Instead of complex
assemblages of PAH’s, only hydroaromatic and aro-
matic hydrocarbons listed in table 3 were identified.
Three sets of information indicated these compounds
were not products of combustion of organic matter: (1)
combustion of organic materials results in a complex
mixture of PAH’s dominated by the unsubstituted
species (Lee and others, 1977; Wakeham and others,
1980), lack of a complex assemblage of PAH’s in the
ash indicates that these compounds are not products of
combustion of organic matter, (2) combustion of
organic matter produces 4H-cyclopenta[def]phenan-
threne (Lee and others, 1977; Wakeham and others,
1980), the ash did not contain this compound, and (3)
incomplete combustion of organic materials containing
nitrogen results in generation of azaarenes (Dong and

Table 3. Terpenoids and hydroaromatic and aromatic hydrocarbons associated with volcanic ash from Mount St. Helens

[ms, Mass spectrometry; Rl, retention index]}

Retention  Retention

Structure Molecular Molecular . - Method of
Compound (fig. 4) weight formula (sg;g;)l(e) (m::;i’;e). identification

Hydrocarbons:

Cadalene I 198 CisHis 1690 1689 ms,RI

Phenanthrene II 178 CiHi, 1792 1794 ms,RI?

Tetrahydroretene 111 238 Ci:H,, 1871 - ms

1-Methyl-phenanthrene 0% 192 CisHi» 1942 1944 ms,RI?

Dehydroabietin A% 256 CisHas 2042 2040 ms,RI?

C,-Phenanthrene V1 206 CisH.4 2066 - ms

Dehydroabietane VII 270 C1oHso 2082 2078 ms,RI

Simonellite VIII 252 CisH.. 2156 2154 ms,RI

Retene IX 234 CisHis 2245 2241 ms,RI?
Acids®:

8-Abieten-18-oic acid X 304 C1H;:0, 2022 - ms

13-Isopropyl-5 « (H)-podocarpa-6,8,11,13-tetraen-

16-oic acid XI 298 C10H:60: 2034 2027 ms,RI

Dehydroabietic acid XII 300 C1H2:0: 2042 2036 ms,RI?
Aldehydes:

Dehydroabietal XIII 284 C,H,0 2320 - ms
Alcohols:

Dehydroabietol X1v 286 C1H;,0 2387 - ms

'Simoneit and Mazurek (1982).

*Retention index and mass spectrum confirmed with authentic standard.
*Analyzed as the methyl esters (retention index versus alkanoic acid methy! esters).
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1,2,3,4-tetrahydro-
. Cadalene, CgHg Il. Phenanthrene, C 4H;o retene, CygH,;,

1-methylphenanthrene, V. Dehydroabietin,
C,SH12 CigHaog Vl. Pimanthrene, C,gH,,

Vil. Dehydroabietane,
C20H30

- .

? ~COOH

COOH XI. 13-isopropyl-5a (H)~-

X. 8-abieten-18- podocarpa-6,8,11,13-

IX. Retene, C gH,g oic acid, C,,H3,0, tetraen—-16-oic acid,

C20H260>

“~COOH E “*CHO E “:CH,0H

Xll. Dehydroabietic acid, Xlll. Dehydroabietal, V. Dehydroabvetol
C20H2802 CaoHz0 C2aoH30©

*~COOH “<~COOH
XV. Pimaric acid, XVI. Abietic acid,
C20H3002 C2oH3p02

Figure 4. Structural formulas of terpenoids and hydroaromatic and aromatic
compounds associated with volcanic ash from Mount St. Helens.
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others, 1977), which were not detected in the ash sample
providing further evidence against a combustion proc-
ess. The evidence presented thus far indicates that ther-
mal energy, generated during the eruption of Mount St.
Helens, volatilized these compounds from forest soils
but was insufficient for formation of a complex mixture
of PAH’s by pyrolysis of organic materials.

Three other compounds, cadalene (I), retene (IX),
and dimethyl-phenanthrene, probably 1,7-dimethyl-
phenanthrene or pimanthrene (VI), were identified in
the ash. These compounds are diagenetic end-products
of biogenic precursors. Cadalene probably is derived
from isomers of cadinene or cadinol, which are con-
stituents of essential oils of higher plants (Simonsen and
Barton, 1961; Simoneit and Mazurek, 1982). Retene
probably results from diagenetic aromatization of
abietic acid (Simoneit, 1977; Laflamme and Hites, 1978;
White and Lee, 1980), a diterpene resin acid found in
conifer resins (Stonecipher and Turner, 1970). Retene
has been reported in fossilized pine, pine-forest soils
(Laflamme and Hites, 1978), and in aerosols sampled in
the vicinity of conifer vegetation (Simoneit and
Mazurek, 1982). Pimanthrene probably is derived by
progressive aromatization of the resin acid, pimaric acid
(XV) (Simoneit and Mazurek, 1982; Wakeham and
others, 1980).

Several other possible intermediates in the diagenetic
pathway of abietic acid also were identified, including
simonellite (VIII), dehydroabietane (VII), dehydro-
abietin (V), and 1,2,3,4-tetrahydroretene (IIT). These
compounds have been reported in a variety of environ-
mental samples, including soils, sediments, coal extracts,
and atmospheric aerosols (Simoneit, 1977; Simoneit and
Mazurek, 1982; Laflamme and Hites, 1978; White and
Lee, 1980; Wakeham and others, 1980; Swan, 1965).

Oxygenated Diterpenoids

Several oxygenated tricyclic diterpenoids also were
identified in the ash. Dehydroabietic acid (XII) is a resin
acid that occurs in coniferous wood species (Mahood
and Rogers, 1975), conifer resin, and other higher plant
resins and supportive tissue (Simoneit, 1977). It isa
dehydrogenated product of abietic acid (XVI), a bio-
genic precursor of retene.

13-Isopropyl-5, a (H)-podocarpa-6,8,11,13-tetraen-16-
oic acid (XI), also was identified in the ash. This com-
pound has been reported in aerosols of the Western
United States (Simoneit and Mazurek, 1982) and is a
dehydrogenated product of dehydroabietic acid. Two
other oxygenated species, dehydroabietal (XIII) and
dehydroabietol (XIV), also were identified. The
aldehyde dehydroabietal has been reported in Yosemite
soil (Laflamme and Hites, 1978), and the corresponding
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alcohol dehydroabietol has been reported in effluents of
mechanical pulping and debarking operations (Leach
and others, 1977). Both compounds probably are reduc-
tion products of dehydroabietic acid.

Based on this suite of tricyclic diterpenoid compounds
in the ash, including the biogenic precursor dehydro-
abietic acid, the diagenetic end-product retene, and
several intermediates, sufficient geochemical evidence
exists to link these compounds in the proposed dia-
genetic pathway outlined in figure 5. This pathway in-
corporates diagenetic pathways proposed by other
workers (Simoneit and Mazurek, 1982; Laflamme and
Hites, 1978; and Wakeham and others, 1980) for the
conversion of abietic acid to retene.

Simonellite Pathway

This pathway involves successive reduction of
dehydroabietic acid, by way of dehydroabietal,
dehydroabietol, dehydroabietane, and simonellite to
retene. These reactions probably occur under reducing
conditions in forest soils.

Tetrahydroretene Pathway

This reaction pathway involves successive
dehydrogenation and aromatization of abietic acid, by
way of dehydroabietic acid, to 13-isopropyl-5u (H)
podocarpa-6,8,11,13-tetraen-16-oic-acid. Decarboxyla-
tion of this acid yields 1,2,3,4-tetrahydroretene, which
can be dehydrogenated to yield retene. These reactions
probably occur in aerobic zones of forest soils.

Dehydroabietin Pathway

These reactions involve decarboxylation of
dehydroabietic acid to yield dehydroabietin, which
undergoes successive dehydrogenations to yield retene,
by way of 1,2,3,4-tetrahydroretene. These reactions also
probably take place in aerobic zones of forest soils.

By far, the major components identified were
dehydroabietic acid and retene with only trace quantities
of the various intermediates. It is possible that many of
these reactions are microbially mediated, probably tak-
ing place in microenvironments in the soil regardless of
the redox conditions of the soil.

CONCLUSIONS

Results of this study demonstrated that the volcanic
eruption of Mount St. Helens volatilized large quantities
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of organic compounds from surrounding vegetation and
soils. These volatile organic compounds condensed on
ash particulates and were transported to areas remote
from the eruption zone. A secondary source of these
compounds probably was from atmospheric aerosols
present in the vicinity of surrounding coniferous forests
within the blast zone. Lack of complex assemblages of
PAH’s on ash particulates indicated that hydroaromatic
and aromatic compounds identified were not of
pyrogenic origin. Tricyclic diterpenoid compounds are
important biological molecular markers; their presence
in volcanic ash indicated that they are of biogenic
origin. It is interesting to note that volcanic ash obtain-
ed after the eruption of El Chichon, Mexico, did not
contain detectable quantities of PAH’s or tricyclic
diterpenoids (Garbarino, 1983). Absence of these com-
pounds may be explained in terms of differences in
vegetation and forest soils in the vicinity of El Chichon.

The May 18, 1980, eruption of Mount St. Helens pro-
vided a unique opportunity to study the geochemical
diagenesis of abietic acid to retene in forest soils.
Volatilization and sorption of these tricyclic diterpenoid
compounds on volcanic ash is analogous to stop-action
photograph, permitting the isolation of precursors,
intermediates, and end-products of the reaction from a
complex soil matrix, thereby allowing them to be stud-
ied in a matrix virtually free from interferences.
Although the amount of organic material associated
with volcanic ash may not be quantitatively significant
in the global carbon budget, specific molecular-marker
compounds, such as tricyclic diterpenoids, are useful as
indicators of sources and important geochemical
processes.
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ORGANOCHLORINE PESTICIDE AND
POLYCHLORINATED BIPHENYL RESIDUES
AT FOUR TROPHIC LEVELS IN THE
SCHUYLKILL RIVER, PENNSYLVANIA

By James L. Barker

Abstract

Various biological components within four trophic levels
of the Schuylkill River in eastern Pennsylvania were ex-
amined for organochlorine pesticide and polychlorinated
biphenyl residues (PCB’s) in 1980. Components examined
were periphyton, green algae, macrophytes, snails, and whole
bodies and fillets of nine common fish species.

Chlordane, dichlorodiphenyl trichloroethane (DDT) and its
metabolites, dieldrin, and PCB’s were detected at all trophic
levels. Endrin and heptachlor epoxide were detected at all
trophic levels except primary consumers (snails).

There is some evidence that these residues are being
bioaccumulated in selected species at the higher trophic
levels of the food web. The edible flesh of some fish, such
as American eel and sunfish, contain concentrations of chlor-
dane and PCB's that exceed U.S. Food and Drug Administra-
tion guidelines.

INTRODUCTION

The presence of toxic substances in fish of the
Schuylkill River has become a major concern of local
and State officials in recent years. Studies by Brezina
and Arnold (1976) have indicated the presence of high
concentrations of some pesticides and polychlorinated
biphenyls (PCB’s) in components of the Schuylkill River
ecosystem, particularly fish. Subsequent studies of the
water and bed sediments by the U.S. Geological Survey
Schuylkill River Quality Assessment Project from 1978
to 1980 (Stamer and others, 1984) also have shown high
concentrations of pesticides and PCB’s in the bed mate-
rial but relatively low concentrations (usually below de-
tection limits) in the water. Several questions are raised:
are the pesticides and PCB’s being bioaccumulated by
the fish? if there is evidence of bioaccumulation, at
what trophic level(s) is it occurring? and do any of the
fish harvested for consumption contain concentrations
in their edible flesh that exceed current Food and Drug
Administration guidelines?

This paper evaluates the potential for organochlorine
pesticide and PCB residues to bioaccumulate in periphy-

ton, algae, macrophytes, snails, and nine species of fish.
Four trophic levels are represented: primary producers,
primary consumers, secondary consumers, and tertiary
consumers.

METHODS
Collection of Samples

Samples of assorted plant material, snails, and fish
were collected at two sites at Reading and two sites
about 96.5 km downstream at Philadelphia on August
19 and 20, 1980 (fig. 1). The Penn Avenue site, Reading
(site 1), included that section of river from the U.S.
Route 222 bridge upstream for 1,000 m. The South
Street site, Reading (site 2), included that section of
river from 1,000 to 2,000 m downstream from the U.S.
Route 222 bridge. The Manayunk site, Philadelphia (site
3), included that section of river from the U.S. Route 1
bridge upstream to a point 1,500 m downstream of the
Flatrock Dam. The Fairmount Pool site, Philadelphia
(site 4), included that section of river from the
downstream end of Peters Island upstream to Straw-
berry Bridge.

The plant material, consisting of periphyton, green
algae (Cladophera) and macrophytes (Potomogeton sp.),
and the snails were handpicked, placed directly into
oven-fired wide-mouth glass jars, and held on ice until
analyzed. Fish samples were collected by personnel of
the Pennsylvania Fish Commission using electrofishing
techniques. Whole small fish and fillets from each of
the larger fish were wrapped in aluminum foil and
transported on ice to the laboratory where they were
frozen for later analysis. The nine species of fish col-
lected for residue analysis included resident game fish,
forage fish, and common rough fish. These species, in
increasing trophic order, include assorted minnows
(Cyprinidae), golden shiner (Noteigonus crysoleucas),
white sucker (Catostomus commersoni), sunfish
(Lepomis sp.), American eel (Auguilla rostrata), black
crappie (Pomoxis nigromaculatus), smallmouth bass
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Figure 1. Location of sampling sites.

(Micropterus dolomieui), largemouth bass (Micropterus
salmoides), and muskellunge (Esox masquinongy).

Residue Extraction and Analysis

Analyses for organochlorine residues in the tissue
samples of whole small fish and fillets of large fish were
performed at the U.S. Geological Survey Atlanta Cen-
tral Laboratory according to the extraction procedures

described by the U.S. Food and Drug Administration in
Pesticide Analytical Manual (1972). Table 1 lists the
limits of detection.

RESULTS AND DISCUSSION

Concentrations of residues in the biota were highest
for PCB’s, followed by chlordane, DDT and its metab-
olites, dieldrin, and endrin at all trophic levels and at all
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Table 1. List of chlorinated hydrocarbon compounds
analyzed for and their limits of detection in the biota

Detection limit

Compound (ug/ke)

Aldrin
Chlordane
DDD
DDE
DDT
Dieldrin
Endosulfan
Endrin
Heptachlor epoxide
Heptachlor
Lindane
Mirex
Methoxychlor
PCB’s
PCN’s
Perthane
Toxaphene

o

—

P R D G

—
o

sampling stations. Both chlordane and DDT or its
metabolites DDD and DDE were detected in 97 percent
of the samples at concentrations as high as 1,100 and
500 ug/kg, respectively. Dieldrin was detected in 98
percent of the samples at concentrations as high as

180 ug/kg. PCB’s were found in 100 percent of the
samples analyzed at concentrations as high as

8,100 ug/kg. Highest concentrations of all residues
were in the flesh of American eels. Table 2 summarizes
the analytical results at each of the four sampling sites.
Although analyses of the same species within a sample
varied considerably, the concentrations probably reflect
the potential of each organism and each trophic level to
accumulate synthetic residues.

As reported in earlier studies by Brezina and Arnold
(1976) and Stamer and others (1984), chlordane,
dieldrin, DDT and its metabolites DDD and DDE, and
PCB’s are widespread throughout the lower Schuylkill
River ecosystem. Table 3 lists the organochlorine
residues analyzed for and present in the river, With a
few exceptions, Stamer and others (1984) found that
concentrations of organic residues in the Schuylkill
River water were below detection limits. Trace quantities
(0.3 ug/kg or less) of DDT and its metabolites, PCB’s,
and polychlorinated napthalenes (PCN’s) were occa-
sionally detected at Reading and Manayunk. They also
found residues of PCB'’s, chlordane, DDT and its
metabolites, and dieldrin to be concentrating in the
river-bed sediments as summarized in table 4. PCB resi-
dues were highest followed by chlordane, DDT and its
metabolites, and dieldrin.

Comparing the residues found in biota in 1980 with
the results reported by Brezina and Arnold (1976)
indicates PCB concentrations in fish flesh have not
changed in 4 years. For example, in the reach down-
stream of Reading, they found concentrations of PCB’s
in carp to be as high as 7,500 ug/kg. A similar study
by Hunter and others (1980a) indicates PCB and
selected organochlorine residues in fish fillets from Lake
Texoma are generally lower than those of the Schuylkill
River. However, in another study conducted down-
stream of an industrial source, Hunter and others
(1980b) found the PCB concentrations in fish fillets
ranged from 120 to 2,800 ug/kg for carnivores and
from 700 to 16,000 ug/kg for detritivores (primary con-
sumers) and omnivores (secondary and tertiary con-
sumers). These values were as high as or higher than
those in the Schuylkill River.

Although somewhat difficult to evaluate because of
small sample size and within-sample variability, the
longitudinal distribution of organochlorine residues in
the biota of the Schuylkill River is in general agreement
with the distribution in the bed material, as determined
by Stamer and others (1984); that is, PCB’s are general-
ly higher at upstream sites and chlordane and dieldrin
are higher at downstream sites. An analysis of variance
of the mean values for residues measured in white
sucker, sunfish, American eel, and smallmouth bass
shows no obvious trends. The results of the analysis of
variance are summarized in table 5. For purposes of this
analysis, the fish residues from the Reading and the
Philadelphia sites were composited into two groups.

Evidence of bioaccumulation is suggested by the con-
centrations found in the different components of the
ecosystem; for example, mean PCB concentrations are
trace quantities in the river water, 152 ug/kg in the bed
sediments (Stamer and others, 1984), 56 ug/kg in the
primary producers, 125 ug/kg in the primary con-
sumers, and 650 to 700 ug/kg in the secondary and
tertiary consumers.

Concentration factors can be calculated by dividing
the mean PCB concentrations of the sediment samples
into the mean concentration of representative com-
ponents of the various trophic levels. Concentration fac-
tors ranged from 0.4 for Cladophorato 18.4 for
American eels. These concentration factors are very
similar to the Pryor Creek data of Hunter and others
(1980b).

The flesh of some fish samples contained residues
that exceeded the Food and Drug Administration
guidelines listed in table 6. Guidelines for chlordane
were exceeded in American eels at all three sites
downstream of Penn Avenue, Reading, and chlordane
levels in sunfish and golden shiners exceeded guidelines
at Manayunk and Fairmount Pool, Philadelphia, respec-
tively. PCB levels in a 24-in American eel collected at
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Table 3. Summary of trace organochlorine residues analyzed for and identified in the Schuylkill River ecosystem

Bed Primary Primary Secondary Tertiary

Water .
sediment producers consumers consumers consumers

Aldrin —_— _—
Chlordane -— X
DDD —_ X
DDE —_ X
X
X

DDT X

Dieldrin _—
Endosulfan _—
Endrin _—_
Heptachlor epoxide ——---~——— -
Heptachlor —_—
Lindane — _— —
Mirex _— — —
Methoxychlor —————-—--————— _— _— —_
PCB’s X X X

PCN’s X — —
Perthane — J— —
Toxaphene J— _— —_

sl Lol | ] soemoe |

Table 4. Concentrations of trace organic substances contained in 38 samples of river-bed sediments collected from the Schuylkill River,
Philadelphia, November-December 1979

[Data modified from Stamer and others (1984). Concentrations are in micrograms per kilogram]

Constituent Mean Minimum Maximum Range
Chlordane 24 0 57 57
DDD 4.3 0 11 11
DDE 8.2 .6 24 23.4
DDT 5.5 4 32 31.6
Dieldrin 1.8 0 7.9 7.9
PCB’s 152 22 320 298

Table 5. Summary of analyses of variance test for significance of concentrations found in fish at Reading and Philadelphia sites
[NS, no significant difference; DS, Philadelphia sites greater; and US, Reading sites greater]

Compound White sucker, 1,16 Sunfish, 1,17 American eel, 1,14 Smallmouth bass, 1,8
degrees of freedom degrees of freedom degrees of freedom degrees of freedom
Chlordane -----—--—- DS DS DS DS
DDT plus metabolites NS NS usS DS
Dieldrin -----~~~———— DS DS NS NS
PCB’s ~~~—~—~—~—mmmmmm NS NS us NS

Table 6. U.S. Food and Drug Administration guidelines for the ~ Penn Avenue, Reading, exceeded the guideline. How-

human consumption of edible fish flesh ever, numerous individuals from all four sites contained
residues of PCB’s in excess of the proposed

Compound Concentration (ug/kg)  2,000-pg/kg Food and Drug Administration guideline.
Chlordane 300 It is believed that species of fish such as American eels
DDT plus metabolites 5,000 and shiners tend to accumulate higher concentrations of
Dieldrin 300 organic compounds because of a higher lipid content in
Endrin 300 their tissue (Brezina and Arnold, 1976). As pointed out
Heptachlor epoxide 300 by Phillips (1978), age, sex, sex cycle, and diet as well as
PCB’s 5,000 lipid content and weight are related to PCB concentra-

tion in various organisms.
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A SOLUTION-CHEMISTRY MODEL OF THE
INTERFERENCE OF CADMIUM-CARBONATE

PRECIPITATION

IN THE DETERMINATION OF
CATION-EXCHANGE SEPARATION

FACTORS

By Ronald L. Miller, David B. Grove, and Kenneth G. Stollenwerk

Abstract

A computer model combining the equilibria for cadmium-
calcium ion exchange and precipitation of cadmium car-
bonate simulates experimentally determined sorption curves.
Results show that carbon dioxide in air and carbonates in
sand samples and reagents may interfere with the determina-
tion of cation-exchange separation factors because of
cadmium-carbonate precipitation. The magnitude of this in-
terference depends on solution pH and ionic strength. When
precipitation of cadmium carbonate is not considered,
calculated values of cation-exchange separation factors ap-
pear several orders of magnitude greater than their correct
values.

INTRODUCTION

Recent interest in the subsurface storage of wastes has
created a need to evaluate containment practices and to
predict the possible movement of toxic substances that
may be released to the environment. Quantitative
techniques to predict the movement and concentration
changes of contaminants in the subsurface have been
described by Grove (1977), Bredehoeft and Pinder
(1973), and Konikow and Grove (1977); the importance
of ion-exchange reactions related to these predictions is
well known (Rubin and James, 1973; Grove, 1976). In-
clusion of such chemical reactions into predictive equa-
tions requires accurate knowledge of mass-action
equilibrium constants that are necessary to describe the
process.

When measuring cation-exchange separation factors
for metal ions on soils, care is needed to avoid
precipitation reactions which compete with cation-
exchange processes. This is true especially when car-
bonates or sulfide ions can be dissolved from air
(CO,,H,S), from soil, or where they are present in
reagents. (A list of definitions of symbols can be found
at the end of this paper.) Many anions may form
precipitates that interfere in cation-exchange determina-
tions; these anions include chlorides (AgCl, Hg,Cl,,
PbCl,); sulfates (BaSO.); phosphates (Ag;PO.,

Ca;(PO,),, Ca,(PO,);(OH), FePO,, Hg,HPO,); car-
bonates (Ag.CO,, FeCO,); and sulfides (Ag.S, CuS,
HgS, PbS). Many minimally soluble hydroxides and ox-
ides also are potential interferences.

The ion-exchange reaction:

Cd+2+ Ca*?22Cd+2+ Ca*?, 1)
that describes cadmium exchanging for calcium in a

calcium-saturated soil can be quantitized by the cation-
exchange separation factor, S, (Helfferich, 1962):

. (Cd*’meq/g) (Ca*’meq/L)
(Cd*’meq/L) (Ca*’meq/g)

@

where the superscript bar denotes a concentration
associated with the soil phase.

Initial attempts to determine this separation factor
were confounded by erratic results. Chemical reactions
continued for more than 1 hour and varied with soil-to-
water ratios and indicated what processes other than
equilibrium-controlled ion exchange were occurring.

Experiments were devised to test the hypothesis that
precipitation of cadmium carbonate (CdCO;) was a
competing reaction. This report presents the results of
these experiments and the effect of this competing
chemical reaction on calculation of cation-exchange
separation factors. A computer model is used to
demonstrate the agreement between theory and ex-
perimental results for simultaneous precipitation and
cation-exchange equilibria.

EXPERIMENTAL
Materials

The soil material used was an acid-washed and sieved
sand from the Lubbock, Texas, area. The sand passed a

500-um sieve and was retained by a 420-um sieve. The
sand had a surface area of 0.5 m?/g (four-point BET gas
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adsorption) and consisted of particles that were ellip-
soidal to spherical. The sand was predominantly quartz,
with some plagioclase and hornblende.

The cadmium chloride (CdCl,-2 1/2 H,O) was
Matheson, Coleman, and Bell reagent ACS crystals. The
calcium chloride (CaCl,-H,0) and calcium hydroxide
[Ca(OH),] were Baker-analyzed reagents. Cadmium and
calcium solutions were acidified with ultrapure nitric acid
after collection from the reaction vessels and sand col-
umns. Calcium solutions were spiked with a lanthanum
chloride-hydrochloric acid solution (Skougstad and
others, 1979) before analysis to eliminate interferences.
Sulfuric acid used to titrate for carbonate and bicar-
bonate was standardized against Baker-analyzed reagent,
primary standard potassium biphthalate.

Apparatus

Cadmium- and calcium-ion concentrations were
analyzed with a Perkin-Elmer 305 atomic-absorption
spectrophotometer using direct methods (aspirate solu-
tion without extraction). An Orion Model 701 pH meter
and an Orion pH electrode were used for all pH
measurements.

Some samples were equilibrated by using a Burrel
wrist-action shaker, elevated to permit samples to be im-
mersed in a Forma Scientific 2095 bath and circulator at
25°C. Other samples were equilibrated under a nitrogen
atmosphere at ambient temperature (20°-25°C), using a
magnetic stirrer.

Procedures

Several experimental configurations were used. The
first set of experiments (with carbonates) was performed
without special care, which allowed exposure to at-
mospheric carbon dioxide. For these experiments, 1 g of
sand was equilibrated with 25 mL of solution at 25°C
for 120 min with a wrist-action shaker.

A second set of experiments (few carbonates) received
special care to decrease the quantity of carbonates in the
reaction vessel. Reagents were prepared fresh under a
nitrogen atmosphere. Nitrogen gas was first bubbled
through 25 mL of solution for at least 30 minutes from
pH 4to 5. The pH was adjusted, 1 g of sand was add-
ed, and the sand-water mixture gently stirred for 120
min, all under a nitrogen atmosphere. At the end of the
experiment, pH was measured under the nitrogen at-
mosphere to avoid the effects of carbon dioxide. Actual
carbonate concentration of the solutions was not deter-
mined in either of the above experiments.

In a third experiment, four solutions, varying in pH
and carbonate concentration, were equilibrated with

sand. These four solutions were titrated for carbonate
species, s0 a solubility product for CdCO, could be
obtained: consequently, the experimental data could be
compared to model predictions.

For all these experiments, pH was adjusted to values
between 5 and 9 with either calcium hydroxide solution
or acetic acid. Initial cadmium concentration was
300 ug/L and initial calcium concentration varied with
the quantity of calcium hydroxide solution required to
adjust pH.

Cation-exchange capacity was determined by a
sodium-saturation procedure, at pH values ranging from
4.96 t0 9.08, according to published procedures (Black
and others, 1965, method 57-3.2).

COMPUTER PROGRAM
Chemical Reactions

Theoretical ion-exchange separation factors were
calculated from mass-balance relationships. Chemical
reactions assumed to affect the concentrations of cad-
mium in these experiments, in addition to their equi-
librium constant expressions, are listed in table 1. In
addition to ion-exchange, precipitation, and dissolution
reactions, they include carbonate, hydroxide, and
acetate and chloride ion-pair formation.

The Debye-Huckel equation was used to calculate ac-
tivity coefficients. CaX, and CaHCO, were assumed to
be the major ionic strength determining species, where
X is the sum of acetate and chloride ions. An approx-
imate effective ion radius of 0.4 nm was chosen (Meites,
1963) to represent all ions with a charge of + 1 in the
system; a radius of 0.5 nm was chosen to represent all
ions with a charge of +2. One activity coefficient was
calculated for all + 1 ions, and another was calculated
for all +2 ions. Uncharged species were given an activ-
ity coefficient of 1.

From these reactions, the ionic strength and activity
coefficients of the + 1 ions and + 2 ions were calculated
according to Meites (1963) as follows:

p=3[Ca*?, &)
v,=antilog [(-=0.511 Vp)/(1+1.3Vu)l, (4
v, =antilog [(—0.2044Vp )/(1+1.6Vu ). (5

The complexes of cadmium with chloride and acetate
ions were considered as one complex with a formation
constant of 10'4 because chloride and acetate were not
measured individually and their formation constants are
similar, that is, 10'* for cadmium carbonate and 10'3
for acetate.
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Table 1.—Chemical reactions used in model

Reaction

Equilibrium-constant expression

Value of equilibrium
constant at 25° C

HO S H* + OH

Cd? + Ca? + 5 Cd*? + Ca?

K = au+ Aoy~

W

[Cd™] [Ca”] v
[Cd"] y: [Ca”]

(@) [HCO3] v,

'1.00 x 107

1.3259 - pH — 5.9265
(this paper, €q.6)

H.CO; S H*' + HCO; K= ———— 14,446 x 107
[H,CO;]
+ CO—Z
HCO, S H* + COy N 14,688 x 107
[HCOs'] v
Ca + CO CaCO3 K [CacOr] 1585
at? + 5 5 Ca = !
’ o 1%~ [Ca"] v, [CO] 7
[CaHCO3] 1.
Ca*? + HCO; = CaHCO3 Kf,CaHCO§= 118.2
[Ca*’] v. [HCO3] v,
Ca? + CO? 5 CaCOs, K, cacor = [Ca%] 72 [CO 7 14.57 x 107
[CdX*] v
Cd? + X~ 5 Cdx* Keooxt = ————————— 195
[Cd*] v X1 v
[CAOH"] v,
Cd*? + OH- 5 CdOH* Kf.CdOH' = —_.2—__ 33.89 x 10
[Cd*?] v: agy
[CA(OH)3,. ]
Cd* + 20H 5 Cd(OH)3,, Kecaomt, = oDl 851 x 100
, (aq) [Cd” 72 a(z)H-
Cd*? + CO:? = CdCO,(S) Ksp’Cdcm = [Cd*?] v, [CO3] v: 7.2 x 107" (this
() paper)
Cd” + 20H" 5 Cd(OH), Ko caoms, = [C4™1 72 8y 2.2 x 10
'Stumm and Morgan (1970).
2Meites (1963).
*Rubin (1974).
A cation-exchange capacity and a cadmium-calcium and a=1.33 pH - 5.93. @)

separation factor also are required for the computer

program. Both values were experimentally determined to
be linear functions of pH, from 6.0 to 9.06. Linear-
regression lines with the 95-percent confidence interval,
calculated according to Snedecor and Cochran (1967,

p. 154), are shown in figure 1 for the cation-exchange
capacity and in figure 2 for the cation-exchange separa-

tion factor.

Assumptions

Equations of these regression lines are given as

CEC = 0.000144 pH + 0.00357,

This separation factor was experimentally determined in
the absence of any precipitation reactions, by decreasing
the cadmium- and carbonate-activity products well
below the cadmium carbonate solubility product.

Several assumptions made to simplify computations

©) are as follows:
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Figure 1. Cation-exchange capacity of sand sample versus pH.

1. Only Cd+2 was involved in the cation-exchange reac-
tion. This assumption is not true at large pH
values, but it was made because the + 2 charge of
Cd+? would compete strongly with the + 1 charge
on the CdAOH* complex, and [CAOH*] did not
equal [Cd+?] until about pH 9.4. Also, there was
no way to separately measure the species [Cd+?]
and [CAOH*]. Only the sum of these two species
at cation-exchange sites could be calculated.

2. The variation of CEC and « with pH was linear for
within the range of interest, which involved an ex-
trapolation for a range of 1 pH unit (9.06-10.0).
These regression lines are shown in figures 1 and 2.

3. All cation-exchange sites were occupied initially by
Ca+*?; after equilibration, only Ca*? and Cd+2 were
present on these sites. Consequently, it was as-
sumed that

Ca+?=CEC~-Cd+2. ®

4, The computer model ignored the effects of the elec-
trical double-layer ion concentration at the water-
surface interface. It used only the equilibria for the
bulk solution and a simple cation exchange equilib-
rium between Cd+2 and Ca+2.

S. Only four cadmium and two calcium complexes were
used; the model did not include the effects of

organic or inorganic complexing agents that may
have dissolved from the sand.

Computer model results

For initial cadmium, calcium, carbonate, and X con-
centrations, sand weight, and solution volume, the pH
was fixed, and the calculations were performed assum-
ing equilibrium for cation exchange and precipitation of
CdCO,,. After a stable mathematical solution was
achieved, the pH was incremented, and results were
calculated for the new pH. In this manner, data for a
graph of cadmium lost from solution (and suspension)

versus pH were obtained.

RESULTS AND DISCUSSION

As calculated from equation 7, actual separation fac-
tors ranged from 2.0 to 6.0 for pH values of 6 through
9. When CdCO; precipitation was not accounted for or
assumed to be part of the ion-exchange reaction, errone-
ously large values of the separation factor are calculated
from laboratory data. To illustrate this problem, an ap-
parent cation-exchange separation factor (aapp) was
defined that took into account cadmium removed from
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Figure 2. Apparent cation-exchange separation factor versus pH.

solution by both cation exchange and precipitation.
These experimentally determined U for small and
moderate concentrations of carbonate in solution are
plotted in figure 3. The curve labeled ‘‘Experimental,
with carbonates’ was obtained with no attempt made to
eliminate atmospheric carbon dioxide from the solu-
tions. The curve labeled ‘‘Experimental, few
carbonates’’ was obtained under a nitrogen atmosphere,
with special care being taken to decrease carbonates to a
minimum. For a given pH, a decrease in o, was
measured in the batch experiments conducted under a
nitrogen atmosphere compared to air. This decrease in
a,, resulted from the smaller carbonate concentration
that resulted in less CdCO; precipitation.

When the curves generated by the computer model
were compared (fig. 3), the effect of CdCO, precipita-
tion on «__ also was evident. These effects were indi-
cated by solid-line curves for various total initial con-
centrations, ranging from 1x 10-3 to 1x 10-2 mol/L of
carbonate species. When CO, , . was decreased to
1x10-* mol/L, the solubility product for CdCO,

(7.2 10~ ) was not exceeded, and the model consid-
ered only cation exchange. Once the solubility product
for CdCO, was exceeded that is, CO, ., =1x10"3
mol/L, a slight increase in pH could cause a significant
increase in o, . In many natural waters, pH and car-

bonate concentration are large enough to result in
CdCO, precipitation. Thus, the mechanism for cadmium
removal from solution could erroneously be interpreted
as ion exchange.

The approximate match of the model results for
CO, ;i = 1X107* mol/L with the ‘‘Experimental, with
carbonates’’ curve (fig. 3) presumably resulted because
the concentration for that experiment happened to con-
tain about 1x 10~ mol/L carbonates. Precipitation of
CdCO, at pH >9 was indicated by the upswing in the
experimental curve for few carbonates. This upswing in-
dicated a CO, ;. ;. between 1x10-*and 1x 10~ mol/L.

The value of o, was very sensitive to pH and to the
final cadmium concentration. Because soluble cadmium
decreased with increasing pH, and the resulting
analytical error at small cadmium concentrations
became large, the error in o,  increased rapidly with pH
as indicated by the error bars for each data point
(‘‘Experimental, with carbonates’’).

It is important to note that when CaCO,, formation
was included in the model calculations, the apparent
cation-exchange separation factors obtained were much
smaller because of the removal of carbonate as CaCO,
(data not shown). It is believed that CaCO, formation
was slow compared to the formation of CdCO,, and
might be neglected during these 2-hour experiments.
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Figure 3. Apparent ion-exchange separation factor versus pH. All values represent total initial carbonate concentrations, in miles

per liter,

This assumption was reasonable according to Pytko-
wicz’s (1965) observation for sea water, a suggestion by
Hanshaw and others (1966) for ground water, and the
work of Mercado and Billings (1975) for ground water.
In addition, the solubility product for Cd(OH), was
never exceeded at such small cadmium concentrations.
Results of the batch experiments also are shown in
figure 3; these experiments were conducted to determine
how well the model predicted experimental results. The
pH and carbonate concentration were determined
carefully for four experimental solutions (table 2, ex-
perimental 1, 3, 5, 7); these values were then used in the
model (table 2, model 2, 4, 6, 8) to calculate a,,. The
four paired sets of data (1, 2), (3, 4), (5, 6), and (7, 8)
were plotted in figure 3. A significant correlation bet-
ween experimental data and model calculations is in-
dicated if the data points for each set plot near each
other. Data points 3, 4 and 5, 6 indicated a significant
correlation between experimental data and model
calculations; also, a reasonable agreement between data

points 7, 8 was evident, The model did not predict the
experimental «,  for data point 1, probably because the
experiment was not at equilibrium with respect to
CdCO,.

The same data presented in figure 3 also is presented
in figure 4 but in a different manner. The percent loss
of cadmium from solution was plotted versus pH. Solid
lines represent the model-predicted values, and dashed
lines represent a fit through experimental points. The
‘“‘Experimental, few carbonates’’ curve showed the ex-
pected shift to the right compared to the ‘“Experimental,
with carbonates’’ curve when the quantity of carbonates
available to precipitate cadmium was decreased. The ef-
fect that the large analytical error had on o (fig. 3) at
small cadmium concentrations became almost insignifi-
cant in calculating error bars for percent cadmium loss
from solution (fig. 4).

The model calculation, CO,; ., =1X10-*mol/L,
showed that a maximum of 20 percent cadmium was
removed by cation exchange. Increasing the CO, ;. to
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1 X 10~3 mol/L resulted in precipitation of CdCO,, and
almost 100-percent removal of cadmium at pH 8.3.
The four sets of numbered test points (table 2) also
were plotted in figure 4. There is significant correlation
between data points 3, 4 and 7, 8. Lesser correlation

Table 2. Key to test data points shown in figures 3 and 4

between experimental and model data is shown by data
points 5, 6; there is no correlation between data points
1, 2.

The family of curves produced by the model when
CO, ;1 . Was fixed at 1 X 10-*mol/L and Cd, . was

Total analytical

i i Apparent Cadmium
Déta pH Source i Time, concentration cation-exchange loss,
point in hours of carbonate, separation factor in percent

in moles per
liter
1 9.03 Experimental 2.0 8 x 1074 6.9 22.0
2 9.03 Model - 8 x 1074 1,800 97.5
3 8.68 Experimental 4.5 4 x 10°° 13 45.1
4 8.68 Model - 4 x 10-° 12 42.0
5 8.08 Experimental 4.5 4 x 107* 8.5 42.5
6 8.08 Model - 4 x 1074 25 66.4
7 7.46 Experimental 2.5 8 x 102 4,400 98.9
8 7.46 Model - 7 x 1072 900 95.4
100
EXPLANATION |

ATest solution (see table 2)
§ Error bars for mean value’ P

80— ’

60 — J

3.
Model 1x10 2/ Model 110

I

LOSS OF CADMIUM FROM SOLUTION, IN PERCENT
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Figure 4. Experimental and theoretical percentage of cadmium lost from solution versus pH for various initial carbonate con-
centrations. All values represent total initial carbonate concentrations, in moles per liter.
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varied from 300 to 1,200 pg/L is shown in figure 5. As

expected, increasing the concentration of cadmium

resulted in greater precipitation of CdCO, and more
cadmium being removed from solution.

The mechanism of cadmium exchange was investi-
gated by spiking a sand-water mixture that had been
previously stirred for 1,011 minutes. The experiment
proved that the predominant reaction was cadmium ex-
changing with calcium. The ratios of milliequivalents-
per-liter change during the 60 minutes when the cad-
mium was allowed to react is shown in table 3. These
ratios indicated that, at pH near 7, simple cation ex-
change was the predominant mechanism rather than an
exchange with hydrogen ions that might have occurred
in the presence of hydrous iron and manganese oxides.

Care needs to be taken when conducting experiments
where precipitation of slightly soluble carbonate
minerals could occur. Carbonate contamination of the
experimental solutions in this study could come from
the following sources:

1. Significant concentrations of carbonates were
solubilized when acid-washed sand was shaken with
deionized water for several days in the absence of
air. Carbonate concentrations exceeding 2.4

% 10-4 mol/L were measured with a soil to water
ratio of 1:5. This potential probably was not fully

realized during the short time (120 minutes) of the
batch experiments.

2. Carbonate contamination of the reagents was a
possibility but was unquantified.

3. Carbonate contamination of solutions by carbon
dioxide from the air. In the experiments, the air-to-
water ratio was about 5:1 in stoppered reaction
vessels. The carbon dioxide in this air could result
in a potential contribution of 6 X 103 mol/L of
carbonates. This source of contamination is pH
dependent.

As shown by data in figure 3, preparing the reagent
solutions and conducting the experiment under a
nitrogen atmosphere significantly decreased the car-
bonate contamination from carbon dioxide.

CONCLUSIONS

Precipitation of CdCO, is a potential source of inter-
ference in attempts to determine cation-exchange separa-
tion factors. The magnitude and effect of this inter-
ference depends on the chemistry of each individual
system and the time needed to attain equilibrium.

A simple computer model that involved only bulk-
solution chemistry and cation-exchange reactions

100 | | I |
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— cadmium, in micrograms
per liter

(oo
o
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600

1200
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Figure 5. Theoretical percentage of cadmium lost from solution versus pH for various initial cadmium concentrations. Initial total

carbonate concentration was 1 x 10~ % mol/L.
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Table 3. Comparison of ratios of milliequivalents per liter CdOH*
exchanged during a 60-minute reaction period Cd(OH)

[Initial pH value was 7.06; final was 6.84. Initial cadmium 2aq)
concentration was 14 mg/L. A =change in concentration]

cadmium hydroxide ion
«p Aaqueouscadmium hydroxide
Cd(OH),,,  solid cadmium hydroxide

CdCO, solid cadmium carbonate
Simple cation exchange CO, 1 i initial total carbonate concentration
‘ init initial total cadmium concentration

Species Expected Observed S
ACd/ACa -1.00 -1.3
Al‘L/ACd 0 —-4.6 X 10—7 REFERENCES CITED
AHCO:/ACd 0 + .08
AHCO;/ACa 0 -1 Black, C. A., and others, 1965, Methods of soil analysis,

chemical and micro-biological properties: American Society
of Agronomy, Inc., Agronomy series no. 9, part 2,
p. 771-1572.

Bredehoeft, J. D., and Pinder, G. F., 1973, Mass transport in
flowing ground water: Water Resources Research, v. 9, no.
1, p. 194-210.

simulated batch experiments reasonably well. Although

a simple approach cannot be expected to include all

competing reactions of a real soil-water system, it still Grove, D. B., 1976, lon exchange reactions important in

can be useful in modeling more complicated flowing ground water quality models, in Saleem, Z. A., ed., Ad-

systems, such as laboratory columns and aquifers. vances in groundwater hydrology: American Water
Resources Association, p. 144-152.

1977, The use of Galerkin finite-element methods to

DEFINITIONS solve mass-transport equations: U.S. Geological Survey
Water-Resources Investigations 77-49, 55 p.
meq milliequivalents Hanshaw, B. B., Back, William, and Rubin, Meyer, 1966,
mol mole Carbonate equilibria and radiocarbon distribution related to
u jonic strength grognd water ﬂo»\f in the Flonc'ian limestone z.iquer: Sym-
. . . . posium, Dubrovnik, Yugoslavia, IASH published proceed-
¥ activity coefficient of + 1 charged ions :
. R . ings, no. 74, v. 2, p. 601-614.
Y, activity coe.f ﬁc?ent of +2 chéfrged 1ons Helfferich, Friedrich, 1962, lon exchange: New York,
[1 concentration in terms of activity McGraw-Hill, 624 p.
ol cation-exchange separation factor Konikow, L. F., and Grove, D. B., 1977, Derivation of equa-
Q. apparent cation-exchange separation tions describing solute transport in ground water: U.S.
factor Geological Survey Water-Resources Investigations 77-19,
CEC cation-exchange capacity 30 p.
ACS American Chemical Society Meites, Louis, 1963, Handbook of Analytical Chemistry (1st
a activity ed.): New York, M(fGraw-HiH, 1782 p.
K, Dissociation constant of water Mer(.:ado, A‘., and ‘BIU%ngS, G.K., 19753 The kinetics of
Ksp solubility product mineral d.lSSO!utIOIl. in v:arbonate aquifers asa t?ol for .
K formation constant hy_drologxca] investigations, I, Concentration-time relation-
f . . ships: Journal of Hydrology, v. 24, p. 303-331.
K, first dlssc?c1at1.on. constant Pytkowicz, R. M., 1963, Rates of inorganic calcium carbonate
K, seconf:l dissociation constant nucleation: Journal of Geology, v. 73, no. 1, p. 196-199.
pH negative logarithm of the hydrogen ion Rubin, A. J., 1974, Aqueous-environmental chemistry of
activity metals: Ann Arbor, Michigan, Ann Arbor Science, 390 p.
H,0 water Rubin, Jacob, and James, R. V., 1973, Dispersion-affected
H+ hydrogen ion transport of reacting solutes in saturated porous media:
OH- hydroxide ion Galerkin method applied to equilibrium-controlled exchange
Cd+2 cadmium ion in unidirectional steady water flow: Water Resources
Ca+? calcium ion Research, v. 9, no. 5, p. 1332-1356.
" . . Skougstad, M. W., Fishman, M. J., Friedman, L. C., Erd-
H,CO0; Sum. of.carbomc acid and aqueous carbon mann, D. E., and Duncan, S. S., (eds.), 1979, Methods for
dioxide d L . . . .
~ . . etermination of inorganic substances in water and fluvial
HCO; blcarbonatF ion sediments: U.S. Geological Survey Techniques of Water-
CO;? car bonate' lon Resources Investigations, Book 5, Chapter A-1, 626 p.
CaHCOy calcium bicarbonate ion Snedecor, G. W., and Cochran, W. G., 1967, Statistical
CaC0j,, aqueous calcium carbonate Methods (6th ed.): The Iowa State University Press, 593 p.
CaCOm, solid calcium carbonate Stumm, Werner, and Morgan, J. J., 1970, Aquatic chemistry:
X- chloride plus acetate ion New York, Wiley-Interscience, 583 p.
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CONFIDENCE LIMITS FOR DETERMINING
CONCENTRATION OF TRACER PARTICLES IN

SEDIMENT SAMPLES

By Carl F. Nordin, Jr., and Paul W. Mielke, Jr.1

Abstract

Tracer-particle technigues often are used in sedi-
ment transport studies. The concentration of tracers is
estimated by counting the number of tracer particles
Xin a sample of size n. The sample concentration,
C=X/n, is an estimate of the concentration of C of the
population from which the sample was drawn. In this
report, the confidence limits for the sample concentra-
tions are derived under the assumption that each particle
in the sample has the probability of being a tracer equal
to C.

INTRODUCTION

Tracer-particle techniques have the potential for wide
applications in sediment-transport studies. The tech-
niques may be used to determine bed-material and bed-
load discharge, to estimate the rates of dispersion of
particles, and to measure the mean velocities of various
sizes of particles (Rathbun and Nordin, 1971). Radioac-
tive tracers often were used in earlier applications; they
have the distinct advantage that their distributions can
be determined in situ with radiation detection equipment
(Hubbell and Sayre, 1964). However, because environ-
mental regulations make it difficult to introduce
radioactive materials into rivers, fluorescent tracers
generally are used.

In fluorescent tracer applications, it is necessary to
sample through the depth of moving sediments and to
determine the concentration of marked particles in the
samples. The sample concentration, C, is an estimate of
the the concentration C of the population from which
the sample was taken. The purpose of this report is to
derive confidence limits for sample concentrations.

stream that is transporting sediment particles with prop-
erties similar to the properties of the tracer particles.
Downstream of the introduction point, a quantity of
moving sediment with a concentration C of tracer par-
ticles is collected. The concentration, C, which is the
ratio of the number of tracer particles to the total
number of particles in the mixture, may vary from
negligible quantities to about 0.5. Thus, in 1 kg of fine
sand, the number of tracer particles may range upward
to several million.

Usually, it is not practical to count all the tracer par-
ticles in a mixture to determine C. Instead, one will
estimate C by analyzing a subsample of n particles with
X tracers, C = X/n. The question arises, what should
be the number n to insure that the estimated concentra-
tion C is within some prescribed percentage of the true
concentration C at a given confidence level? Knowing n,
the expected value of X, E {X}, can be computed from
the relation E {X} =nC.

We assume that the sample is well mixed. Thus, in an
independent sample of size n, each particle has the
probability C of being a tracer particle.

The answer to this question is formulated in the fol-
lowing manner. Consider the constants « and 8, and C
specified, with 0<a<1,0<8< 1, and 0<C<1. It then
needs to be determined for what value of n the follow-
ing relation will hold:

P[l—a<~g—<l+a]=l—ﬁ, m

where P denotes probability.

If the sample is well mixed, X is a random variable
that follows the binomial distribution (see, for example,
Feller, 1957, p. 136):

n
THEORY P[X=x]= (X) c(1-0)* x=0,1, ...,n. (2
Suppose that tracer particles are introduced, either as
an instantaneous point or line source, or as a continu-
ous source through some feed system, into a flowing

For large n, X is approximately distributed as the normal
distribution with mean nC and variance nC(1 —C) (Feller,
1957, p. 168-173),

1Colorado State University, Fort Collins, CO 80521. X (g) N[nC, nC(1-C)] . QA3)
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where (g) denotes approximately distributed according
to, and
N denotes normal distribution.
Therefore,

1, 1_—£] @
nC

Consider now a standardized normal variable, z, with

zero mean and unit variance, ZQN (0, 1), where d de-
notes distributed according to. Then let

P@Ez>§)=p/2. (&)

where £ is a real number, —© <f{< + 00,

With 3 specified, values of £ can be obtained directly
from a table of the standardized normal variable. Apply-
ing equation 5 to equation 4 yields

P(l-a< % <l+a)=1-8

(=)P |1-¢ \/%<%<1+g,/15_c‘3 G

From equation 6,

n=) (&) 1= )

o

E{X}:nC(:)(i)zu—Q. @®

o

From equations 7 and 8, values of n and the expected

values of X can be computed for any values of «, 8, and
C.

DISCUSSION OF RESULTS

Equations 7 and 8 for 3= 0.1 and for several values
of « are plotted on figure 1. For dilute concentrations,
say below 0.1, n varies inversely with concentration, and
the expected number of tracer particles, E {X} is nearly
a constant.

Families of curves similar to those in figure 1 for any
values of 3 can easily be plotted to assist in sample
analysis and in estimating confidence intervals of the
concentrations determined by analysis. For example,
suppose 10* particles are to be counted. From figure 1,
it is seen that the estimated concentration, C, will be
within 40 percent of the true concentration in 9 of 10
samples on the average only if the concentration is
greater than 2 X 1073, For more dilute concentrations,
alarger number of particles must be counted to obtain
the same accuracy of concentration estimates.

Usually, one is interested in particle velocities or in
transport and dispersion rates as functions of particle
size. If so, the sample is sieved into narrow size classes,
and the tracer particles are counted in each size class. In
this case, it is more convenient to work with concentra-
tion on a weight basis, because the weight of the total
sample analyzed in each size class (equivalent to n, total
number of particles) is easily determined. X is converted
to a weight basis by weighing a known number of par-
ticles in each of several narrow sieve-size ranges and by
plotting the number of particles per gram against the
geometric mean sieve diameter. The relation between
diameter and number of particles per gram for quartz
tracer particles used by Rathbun and others (1971) is
shown in figure 2. As expected, the number of particles
per gram varies inversely with approximately the square
of the particle diameter. Because the relationship will
vary somewhat, depending on particle densities and
shape factors, curves should be prepared for each tracer
material used.
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concentration, C.
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DETERMINATION OF AQUATIC HUMIC
SUBSTANCES IN NATURAL WATERS

By E. M. Thurman

Abstract

Aquatic humic substances in 50-milliliter samples are
measured at the microgram-per-liter level following desorp-
tion of the adsorbed humic material from a macroporous
resin with 0.1 normal sodium hydroxide. The resulting eluate
is quantified by measuring dissolved organic carbon. The
method is quantitative, rapid, simple, and inexpensive.

INTRODUCTION

Aquatic humic substances are an important consti-
tuent of the dissolved organic carbon (DOC) in water
and account for 30 to 50 percent of the DOC. Some
researchers hypothesize that humic substances,
originating in the soil and sediments of a watershed, are
leached by subsurface drainage and surface flow
(Wetzel, 1975; Beck and others, 1974; Wilson and
Weber, 1977). Also, terrestrial vegetation is an impor-
tant source for colored organic acids in water (Thurman
and Malcolm, 1981a). Humic substances are known to
complex trace metals and are implicated in the
solubilization of hydrophobic organic compounds, in-
cluding some pesticides and hydrocarbons (Schnitzer
and Khan, 1972). The study of sources of dissolved
humic substances and their role in transport of trace
metals and hydrophobic organic solutes is difficult
without a convenient, accurate assay for aquatic humic
substances.

Present assays for aquatic humic substances include
(1) tannins and lignin (a part of humic substances),
which are determined by a colorimetric procedure
(American Public Health Association and others, 1980),
(2) color, which is determined by measuring absorbance
at 400 nm and relating this to humic concentration
(Gjessing, 1976), (3) fulvic acid, tannins, and lignins,
which are determined by using visible and ultraviolet ab-
sorbance measurements of natural waters (Lawrence,
1980), (4) humic acid, which is determined by a col-
orimetric procedure using liquid extraction into isoamy1
alcohol (Martin and Pierce, 1971), and (5) humic
substances, which are determined by liquid extraction of
ion pairs quantified by spectrometric measurements
(Eberle and Schweer, 1974). None of these methods
determine the quantity of organic carbon that is aquatic

humic substances. Rather, the methods measure a char-
acteristic of the organic matter, such as color or phenol
content,

This paper presents a simple, quantitative assay for
aquatic humic substances based on adsorption chroma-
tography on XAD resins. The adsorbed substances are
eluted with a basic solution and quantified by DOC.
This paper also addresses the semantic question, What
are aquatic humic substances? Because no known struc-
ture for aquatic humic substances and no reagent la-
beled aquatic humic substances exist, there is no simple
answer to this question. First, to evaluate an assay
method for aquatic humic substanes, one needs to
define aquatic humic substances and to relate this
definition to soil humic substances. Second, one needs
to show that this method measures this defined sub-
stance to some degree of accuracy and precision. The
method presented here only validly measures ‘‘aquatic
humic substances,”” which are defined as follows:

Aquatic humic substances are colored, polymeric
acids isoloated from water on XAD resins; these non-
volatile organic substances range in molecular weight
from 500 to more than 5,000 (Thurman and others,
1982); they are derived from plant, soil, and aquatic
processes; their elemental composition is approximately
52-percent carbon, 4- to 5-percent hydrogen, 35- to
40-percent oxygen, 1- to 2-percent nitrogen, and less
than 1-percent sulfur and phosphorous; and their major
functional groups include carboxylic acids, phenolic
hydroxyls, and hydroxyls.

This operational definition of aquatic humic sub-
stances is related to the isolation procedure (Thurman
and Malcolm, 1981b), which was developed during the
last decade. With the development of macroporous
resins during the late 1960’s and early 1970’s, Riley and
Taylor (1969) and Mantoura and Riley (1975) were able
to isolate successfully aquatic humic substances by ad-
sorption onto XAD resins. During the late 1970’s,
Aiken and others (1979) examined the mechanisms of
adsorption of humic substances onto various XAD
resins and reached the conclusion that the acrylic ester
copolymer, XAD-8, was best suited for efficient ad-
sorption and elution of aquatic humic substances. Thur-
man and Malcolm (1981b) extended these studies to the
development of a procedure for the isolation of gram
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quantities of aquatic humic substances with XAD-8
resin. Therefore, the operational definition of aquatic
humic substances includes the isolation prodcedure on
XAD resins.

How does the definition of aquatic humic substances
compare with the term ‘‘humic substances”’ used by soil
scientists and used to define dissolved organic matter in
water (aquatic humic substances)? Because the definition
of humus originated in the soil literature, this is an im-
portant question. Humic substances are defined as the
organic matter extracted from soil by 0.1 normal
sodium hydroxide (0.1NNaOH). The fraction that
precipitates in acid is humic acid, and the fraction that
remains in solution is fulvic acid (Schnitzer and Khan,
1972). This definition is too general to compare with the
operational definition of aquatic humic substances.
Therefore, the best comparison is among the general
chemical characteristics of humic substances from soil
and water.

The comparison of soil and aquatic humic substances
shows them to be similar. Both are polymeric, colored
acids with comparable molecular weights. Their ele-
mental composition is similar, as is their functional
group analysis. This does not prove that humic sub-
stances from soil and water are the same; it merely
demonstrates that their general chemical characteristics
are similar (Thurman and Malcolm, 1981a). Determin-
ing the sources of humic substances in water remains an
important research problem, which is still under
investigation.

Therefore, the assay presented here for aquatic humic
substances measures polymeric organic acids with the
general characteristics of humic substances from soil.
Also, the assay measures the amount of carbon in the
aquatic humic fraction. For these reasons, this assay is a
valid measure of aquatic humic substances in natural
waters.
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ASSAY FOR AQUATIC HUMIC SUBSTANCES
Range of Application

The assay for aquatic humic substances may be ap-
plied directly to water samples when concentrations of
aquatic humic substances range from 50 pg C/L to

20 mg C/L (carbon per liter). If the concentration of
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humic substances is more than 20 mg C/L, the sample
is diluted to this concentration with distilled water. If
the concentration of humic substances is less than

50 ug C/L, the carbon analyzer will not reliably meas-
ure the concentration of carbon in the eluate. However,
the concentrations of humic substances in natural waters
generally are more than 50 ug C/L—concentrations of
humic substances in ground waters range from 50 to
200 pg C/L (Thurman, 1984a); concentrations in snow-
melt waters are 50 pg C/L or more (Thurman, 1984b);
concentrations in sea water range from 100 to

250 pg C/L (Stuermer and Harvey, 1977); concentra-
tions in most surface waters range from 100 pg C/L to
4 mg C/L (Thurman, 1984b); and concentrations in
drainage from wetlands, such as bogs, marshes, and
swamps, range from 10 to 100 mg C/L (E. M. Thur-
man, unpub. data). Thus, the assay is applicable for
most natural waters.

Summary of Method

Aquatic humic substances are concentrated from
50 mL of water on a macroporous adsorbent, XAD-8,
at pH 2.0. A 25-cm column of resin is eluted with
0.1 N NaOH, and the eluate is quantified by DOC.
Influent, effluent, and eluate DOC’s are measured;
thus, the percentages of DOC adsorbed onto the columii
and eluted from the column are measured. Aquatic
humic substances are the DOC eluted from the column.
A diagram of the microcolumn is shown in figure 1.

Interferences

Suspended organic matter will foul the resin and bias
the determination. Therefore, filter the water sample
prior to analysis using the method described by Mal-
colm and McKinley (1972).

A few samples will form organic precipitates when
they are acidified to pH 2.0; this is due to the presence
of humic acid. Care needs to be taken that these
precipitates are slurried and pumped into the column.

DOC from the resin, in concentrations of as much as
0.5 mg C/L, will contaminate the samples. Therefore, it
is critical to follow the resin cleanup procedure to
minimize this contamination, especially if the concen-
trations of aquatic humic substances are less than
200 ug C/L. Also, the carbon contamination from
pump tubing needs to be checked with the eluting sol-
vent, sodium hydroxide. Generally, contamination of
organic carbon from the tubing is less than 0.5 mg C/L.

Low-molecular-weight acids (for example, fatty
acids), which are nonhumic substances, are concentrated
with humic substances, if their capacity factor k’, is
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Figure 1. Diagram of sample flow through microcolumn of
XAD-8.

within the range of concentration of the resin (see
“Discussion of Adsorption of Humic Substances’’).
Typically, simple fatty acids and phenols occur in water
in microgram-per-liter concentrations (Williams, 1961;
Slowey and others, 1962; Lamar and Goerlitz, 1963;
Hullett and Eisenreich, 1979; Barcelona and others,
1980), and humic substances are the major acidic com-
ponent. Therefore, these nonhumic acids usually cause

only a minor error in the assay, approximately 5 percent

or less of the acidic components.

However, in waters polluted by man, such as sewage
effluents, the amount of organic acids present would in-
terfere with the humic substances determination. In this
instance, fatty acids would contribute from microgram
to milligram amounts of organic carbon. In a previous
study, fatty acids contributed 15 percent of the carbon
present in the humic substances fraction (Thurman and
Malcolm, 1979). This probably represents the maximum
interference by low-molecular-weight acids.

Column Preparation

The resin, XAD-8, obtained from Rohm and Haas,
Philadelphia, is a spherical packing sized to 250 um by
dry screening. Prior to column packing, clean the resin
with successive treatments of 0.1 N NaOH for 5 days.
During this period, the concentration of DOC of the
cleansing solution decreases from 1,000 to 10 mg C/L.
Next, extract the resin in a soxhlet with hexane,
methanol, acetonitrile, and methanol, for 24 hours each.
After this extensive cleanup, pack the resin into a 0.2-
by 25-cm glass column that has a 2-mm length of glass
woolin one end. After filling the tube, seal the column
with another 2-mm length of glass wool.

After dry packing the column, wet it with methanol.
When the air has been displaced from the column,
pump distilled water through the column until the con-
centration of DOC decreases to 0.5 mg C/L, determined
on a Beckman 915 carbon analyzer (oxidative combus-
tion and infrared detection), a Technicon analyzer, or
comparable instrument. At this point, clean the column
three times with 0.1 N NaOH and 0.1 N hydrochloric
acid (HC1) alternating between the two solvents. Now
the column is ready for use. It is important that the
resin is cleaned with a basic and acidic solution just
prior to use.

Procedure

Collect the samples in organic-free glass containers.
Filter 51 mL of sample through a 0.45-um silver mem-
brane filter (Malcolm and McKinley, 1972) or equivalent
filter. Chill the samples to 4°C for sample preservation.

Take a 1-mL aliquot of sample for DOC analysis.
Preclean the column with three cycles of 0.1 N NaOH
and 0.1 N HCl just prior to pumping the sample into
the column. Determine blank carbon anaylsis on the
final NaOH rinse. Leave the column saturated with 0.1
NHCL Acidify 50 mL of sample to pH 2.0 with con-
centrated HCI, and pump it into the column with a
peristaltic pump at a flow rate of 1.0 mL/min (fig. 1).
Save the 50 mL of effluent that passes the column for
DOC analysis. The colored organic acids will adsorb at
the top of the column. Now back elute the column with
the eluant of 0.1 N NaOH at arate of 0.2 mL/min.
Approximately 1 mL of solution is pushed ahead of the
NaOH front. Discard; there should be virtually no
aquatic humic substances in this fraction. As the pH
starts to increase from 2.0 (monitored with pH paper),
change the eluate to distilled water because sufficient
basic solution is present to elute the organic acids. Then
collect 0.9 mL of eluate in a 1.0-mL volumetric flask,
and add 0.1 mL of concentrated phosphoric acid to
acidify the sample. Determine the DOC on original
sample, effluent, and eluate.

Calculations and Precision

The difference between the DOC of the influent and
effluent reflects the amount of adsorbed carbon on the
XAD resin. The organic matter that adsorbs on the
XAD resin is called the hydrophobic fraction (Leenheer
and Huffman, 1976). The DOC of the NaOH eluate is
the hydrophobic acid fraction (Leenheer and Huffman,
1976). This fraction contains the aquatic humic sub-
stances (approximately 90100 percent of the DOC of
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the eluate, as discussed earlier in the section on ‘‘Inter-

ferences’’). Therefore, aquatic humic substances are cal-

culated from the following equation:

AHS = (NaOH eluate in mg C/L) (volume of eluate in
liters)/ (volume of sample in liters),

where AHS is aquatic humic substances.

Carbon analysis of the eluate limits the method’s preci-
sion to +2 percent. This is the principal analytical error
along with the blank from the resin column in NaOH,
typically 0.5 mg C/L. This resin blank adds another
1-percent error for most natural waters. The final error
is due to nonhumic substances that may vary from 1 to

5 percent of the total hydrophobic fraction. These errors
give a final precision of 4 to 8 percent for the concen-
tration of aquatic humic substances in water. This preci-
sion range is as good as the measurement of the original
DOC of the sample which is +0.1 mg C/L at

2.0 mg C/L determined using a Technicon DOC
analyzer (E. M. Thurman, unpub. data). Multiple
analyses of humic substances in tap water gave a preci-
sion of + 6 percent as shown in the following section.

Recovery and Comparison of Method

The concentration of aquatic fulvic acid determined
by the XAD-8 method and a color method (Gjessing,
1976; Eberle and Schweer, 1974; Martin and Pierce,

1971), and the gravimetrically determined value, which
is the weighed-out value of fulvic acid from each of the
10 samples of ground waters, rivers and lakes, and wet-
lands, are compared in table 1. The color method is
based on an average gram-extinction coefficient at

400 nm. Because humic substances from different
sources vary in their molar-extinction coefficient, the
results obtained with this method will vary. The average
deviation from the gravimetric value for the color
method for the 10 samples in table 1 was 39 percent.
This is a combination of variation in gram-extinction
coefficients and absorbance measurements. The average
deviation from the gravimetric value for the XAD-8
method was 6.2 percent. This deviation is caused by a
combination of variation in the percentage of carbon in
humic substances and variation in DOC determinations.
Thus, the XAD-8 method gives more accurate values
than does the color method.

DISCUSSION OF ADSORPTION OF HUMIC
SUBSTANCES

Because the adsorption of humic substances is
discussed in the previous reports of Mantoura and Riley
(1975), Thurman and others (1978), Aiken and others
(1979), and Leenheer (1981), only a review of important
adsorption theory will be given here. The resin adsorbs
by the hydrophobic effect, and aqueous solubility is
used to estimate concentration factors. Thurman and
others (1978) found that solubility could be related to k’

Table 1. Comparison of concentration of fluvic acid determined by XAD-8 method and color methods

[Data in milligrams per liter fluvic acid)

Sample Color XAD-8 Gravimetric
method method value

Ground Waters:

Denver, Colo. 0.07 0.48 0.40

Yuma, Ariz. .88 2.0 2.0

Miami, Fla. 8.4 16.0 16.5
Rivers and Lakes:

Brainard Lake (Ward, Colo.) 1.6 1.8 2.0

Hawaii stream (Hawaii, Hawaii) 2.1 1.9 2.0

Yampa River (Yampa, Colo.) 2.1 2.0 2.0

Shawsheen River (Mass.) 4.7 3.9 4.0
Wetlands:

Suwannee River (Fargo, Ga.) 59.0 59.0 60.0

Thoreau’s bog (Concord, Mass.) 104.0 56.0 60.0

Hawaii marsh (Hawaii, Hawaii) 26.0 13.0 15.0
Average percent deviation 39.0 6.2 0.0

Standard solutions of fluvic acid were made up of 10 samples from various origins and determined by the color method (Gjessing, 1976; Eberle and
Schweer, 1974) with an average gram-extinction coefficient of 4.47 and by the XAD-8 method with an average carbon concentration of 52 percent.

50 Determination of Aquatic Humic Substances in Natural Waters



of the solute retained. Solubility was quantitatively
related to k' by an empirical equation:

logk’ =1.78 — 0.52 log molar solubility.

Thus, if the solubility of the solute is known, k' may be
estimated to a first approximation by this equation.

It is apparent that the solubility of the solute controls
itsk’ for the resin. The ionic character of the solute will
increase solubility and decrease k’; therefore, acidic,
organic solutes adsorb when protonated and elute when
ionic. When the ratio of functional groups to carbon
atoms is approximately 1:12, even ionic solutes are re-
tained by the resin. For these reasons, organic acids,
such as the humic substances, need to be adsorbed at an
acidic pH. Humic substances, with a ratio of one car-
boxy1 group to six carbon atoms, elute efficiently with
a basic solution. When the functional groups ionize, the
humic substances have no affinity for the resin. Elution
efficiency is further improved by back elution of the
column.

Adsorption of organic solutes onto the resin is a type
of frontal chromatography, that is, solutes are adsorbed
continuously while water is pumped through the col-
umn. The equation that relates k'’ to the volume of
sample is

2Vy(1 + k') = Vg,

where V, is the void volume of the column (0.65 X
bed volume), and
Vs, is the volume of sample passed through the
column when 50 percent of the solute is
retained on the resin.

This equation quantifies the relationship between
percentage solute-retention, volume of sample, and col-
umn volume. This Vy, is not the same as V (one-half).
V is the volume passed through the column when the
concentration leaving the column is one-half of the con-
centration entering the column. The term V commonly
is used in liquid chromatography to measure k’. For ex-
ample, the assay presented here uses a 50-mL sample
and a column of 1-mL bed volume. The capacity factor
at 50 percent retention is calculated,

2(0.65) (1 + k) = 50,
k' = 37.5.

Therefore, 50 percent of the solutes with a capacity fac-
tor of 37.5 are retained. Thus, k’ is defined as the mass
of solute on the resin per mass of solute in the water
phase. As an example of what k' = 37.5 means: A

three-carbon acid such as proprionic acid has a k’ of
13, butyric acid with four carbons has a k’ of 39, and
valeric acid with five carbons has a k’ of 100. Thus, a
k' of 37.5 would retain 50 percent of the butryic acid in
the sample or 50 percent of another solute with similar
solubility.

The k'’ of humic substances ranges from 50 to more
than 100 (Aiken and others, 1979), but this range of k'
is dependent on the structure of the aquatic humic sub-
stances. Solubility factors, such as functional groups,
aromaticity, and carbohydrate content, decrease the k’
and the affinity of the resin for the humic substances.

Because of these factors, k' for humic substances
ranges from 0 to 1,000 in natural samples (E. M. Thur-
man, unpub. data). In spite of many different capacity
factors of aquatic humic substances for the resin, the
method is an effective tool to measure and compare the
amount of aquatic humic substances in water. In prac-
tice, this method removes 40 to 60 percent of the DOC
of most waters and approximately 85 to 100 percent of
the visible color or absorbance at 400 nm.

APPLICATIONS

This method has been used successfully on samples
from an alpine watershed in Colorado to determine the
input of hydrophobic acids (chiefly aquatic humic
substances) to the watershed from the surrounding ter-
rain. Concentrations of aquatic humic substances as
small as 50 ug C/L were detected. The method works
best when the concenration of aquatic humic substances
or hydrophobic acids is greater than 0.3 mg C/L. At the
concentration of 50 ug C/L, the eluate is 50 times
greater, or 2.5 mg C/L. At this concentration, a
Technicon carbon analyzer was used; care was taken to
assure blank concentrations of 0.5 mg C/L in the
NaOH eluate.

Small concentrations of humic substances have been
found in snowmelt (50-100 ug C/L) and in pristine
alpine streams (0.3 mg C/L or more of aquatic humic
substances). At concentrations as low as these, the
eluate DOC is 15 mg C/L, which is substantially greater
than resin blanks of 0.5 mg C/L and is in the range of
the Beckman 915 carbon analyzer.

There are a few other examples of the usefulness of
the assay for aquatic humic substances. This method
has been used to concentrate and measure the amounts
of colored organic acids in the leachates of plants in an
alpine bog, a primary source of organic acids in some
watersheds. Soil and sediment leachates may be ex-
amined by this technique to measure the amount of
humic substances leached by water from these sources.
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EVOLUTION OF THE USE OF CHANNEL
CROSS-SECTION PROPERTIES FOR ESTIMATING
STREAMFLOW CHARACTERISTICS

By Kenneth L. Wahl

ABSTRACT

Channel dimensions have proven to be valid indicators of
streamflow characteristics. Use of channel geometry requires
that a relation be defined between the desired flow charac-
teristic and stream-channel size based on data at gaging sta-
tions; estimates of flow characteristics then can be made at
ungaged sites by obtaining measurements of the channel
dimensions. Regional analyses of these relations have been
made in many Western States and in some Eastern States by
the U.S. Geological Survey. These analyses are summarized,
and some results are compared. Three reference levels have
been used to define the channel dimensions.

The principal differences between the channel-geometry
approach and conventional approaches using basin charac-
teristics are that the ungaged site must be visited to measure
the channel size before an estimate can be made and that
some field training is required before an individual can iden-
tify the channel reference level.

Variability between channel measurements by trained indi-
viduals increases the error of estimates over the standard
error of estimate defined during calibration. The increase is
dependent on the variability in channel type, but extremely
variable conditions could increase a calibration error of 42
percent to an application error of 55 percent.

INTRODUCTION

Engineers and hydrologists frequently are required to
estimate flow characteristics at ungaged sites. Conven-
tional techniques have used relations between flow char-
acteristics and physical characteristics of drainage
basins, such as drainage area, to transfer information to
ungaged sites. However, flow characteristics in arid and
semiarid regions generally are only poorly related to size
of drainage basin. Relations between flow characteristics
and stream-channel size offer a promising alternative.

That streams are the authors of their channels has
long been recognized; however, methods of quantifying
the interrelation between flow characteristics of rivers
and channel size have developed only in recent years.
The regime concept, as originated by Kennedy (1895)
and Lindley (1919) and discussed by Leliavsky (1955)
for canals in India and Pakistan, gave empirical rela-
tions for the hydraulic properties of stable canals. This

concept, however, was not extended to natural rivers in
the United States until half a century later.

The initial impetus for the studies of canals stemmed
from the desire for improved design techniques. Simi-
larly, the early work in rivers was oriented toward ex-
pressing channel dimensions as functions of a formative
or dominant discharge. In recent years, efforts have
focused on using dimensions of the stream channel as
indices of flow characteristics, particularly flood-
frequency characteristics. These approaches are not
unrelated; however, the latter approach does not require
definition of a dominant discharge.

The purposes of this report are to examine the evolu-
tion of our understanding of relations between dimen-
sions of river channels and discharge characteristics, to
summarize the regional relations that have been devel-
oped, and to examine the sources of error. The focus
will be on attempts to use these relations as tools in esti-
mating flow characteristics of rivers, with emphasis on
flood characteristics, rather than on use of the informa-
tion in channel design. Consequently, the regime con-
cept as it relates to canals will be considered only in
relation to its bearing on rivers. Because of the emphasis
on regional relations, the ‘‘at-a-station’’ variation of
hydraulic geometry exponents (Leopold and Maddock,
1953) is not included.

HYDRAULIC GEOMETRY APPROACH

A channel is considered to be in regime if it can ac-
commodate its flow for one or more years without a net
change in hydraulic characteristics (Blench, 1969).
Within that period, scour or deposition may occur, in
either the lateral or vertical direction, as long as they are
transient phenomena.

The morphology of regime canals has been the sub-
ject of many investigations since Kennedy stated his em-
pirical equation of non-scouring velocity for canals of
Punjab in 1895 (Leliavsky, 1955). The basic principle
generally was not applied to rivers in the United States,
however, until Leopold and Maddock (1953) reported
their analysis of the relationships between hydraulic
properties of the cross-section and river discharge. They
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theorized that the hydraulic geometry of river channels
in approximate equilibrium could be expressed as ex-
ponential functions of discharge such that

W = aQp, ()]
D = cQf, (#))]
V=kQn 3)

where W is width, D is mean depth, V is mean velocity,
Q is discharge, and a, c, k, b, f, and m are numerical
constants.

The numerical constants for the above relations were
developed empirically from data collected on rivers
representing a variety of hydrologic conditions. Mean
annual discharge was used as the independent variable
because it provided a discharge of approximately the
same frequency throughout the area of investigation,
thus permitting comparison between relations. The
values of the exponents b, f, and m were relatively con-
stant, and the average values agreed quite closely with
previously defined values for regime canals. The coeffi-
cients a, ¢, and k, however, varied among river systems.

Leopold and Maddock (1953) were not the first to ap-
ply the regime concept to rivers, although their analysis
was one of the first to gain wide acceptance. In 1935,
Gerald Lacey extended his earlier empirical equations
for Punjab canals by including limited data for rivers
from the United States, Europe, and Punjab (Mahmood
and Shen, 1971); however, he grouped river data by
discharge and used averages. Pettis (1937) independently
developed similar regime equations based on natural
streams in the Miami River basin of Ohio. Pettis’ rela-
tions were intended for use in river channelization,
therefore, his discharge was a flood discharge, appa-
rently near bankfull (Pettis, 1937, p. 150).

In 1947, S. 1. Rybkin (Kondrat’ev and others, 1962)
developed a set of relations based on rivers in the upper
Volga and Oka basins, U.S.S.R. These relations were in
terms of long-term average discharge and river gradient
but contained a modulus term that permitted computa-
tion of the hydraulic properties for discharges other
than the long-term mean. Rybkin’s hydraulic-geometry
variables, like those of Leopold and Maddock (1953),
were properties at the particular discharge rather than
dimensions based on a specific feature of the channel.
In 1950, S. T. Altunin (Kondrat’ev and others, 1962)
confirmed that the general regime equation for width
with b = 0.50 was valid for rivers of central Asia. He
also concluded that the coefficient, a, varied with slope
to the —0.20 power. Whether the width used in
Altunin’s analysis is based on a specific channel feature
is not clear, but Kondrat’ev and others (1962) give some
insight with the observation, ‘“. . .(Altunin’s) formulas

are true only for a certain channel-forming discharge,
whose value is taken as that of discharges with a 10 to
20 percent reliability [sic, probability]. These discharges
are usually accommodated within the height of the
channel edges.”

While furthering the state of knowledge, most of the
preceding studies, including the 1953 work of Leopold
and Maddock, were of limited practical value because
the hydraulic-geometry variables used were those of
specific discharges and could not be identified with
recognizable channel features. Thus, Wolman’s (1955)
analysis of the Brandywine Creek drainage in Penn-
sylvania, in which he related hydraulic geometry to
bankfull discharge, was significant. In addition, he
analyzed the hydraulic-geometry relationships with flows
of 50-, 15-, and 2-percent duration. The recurrence in-
terval of flows exceeding bankfull on Brandywine Creek
ranged between 1 and 3 years and averaged 2.2 years.

Although simple in concept, bankfull stage may be in-
terpreted in a number of different ways, each associated
with different values of width and depth and yielding a
different bankfull discharge. Williams (1978) gave a
comprehensive review of definitions of bankfull stage.
He identified and discussed 11 definitions that have
been used by investigators. But even when guided by a
single definition, he found (Williams, 1978, p. 1141),
‘‘Bank-full discharge does not have a common recur-
rence frequency among the rivers studied, and the
discharge corresponding to the 1.5-year recurrence inter-
val in most cases does not represent the bank-full
discharge.”

Most investigations of hydraulic geometry after
Wolman’s (1955) were directed at one or more of the
following problems: (1) physically identifying bankfull
stage, (2) determining the significance (such as the recur-
rence interval) of bankfull discharge, (3) determining the
exponents in the hydraulic-geometry equations either
theoretically or empirically for a specific region or
channel type, or (4) application of the concept to solve
practical problems. Excepting the theoretical analyses,
many studies involve several of the classifications. The
hydraulic-geometry exponents for selected empirical and
theoretical studies are summarized in table 1.

DISCHARGE RELATED TO CHANNEL
DIMENSIONS

Ideally, a channel feature used as an index to
discharge should be a unique, recognizable feature of
the channel. It should also be active, that is, free to ad-
just to changes in the flow regime. These considerations,
and a need for a reconnaissance technique to estimate
discharge characteristics at ungaged sites, led to the re-
cent attempts to relate an active, within-channel feature
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Table 1. Exponents of discharge in regime equations for width (b), depth (f), and velocity (m)

Region and source b f m Discharge
Empirical studies
Indian canals and rivers (Mahmood and Shen, 1971) 0.50 0.333 0.167 Equilibrium
Miami River, Ohio (Pettis, 1937) .50 .30 .20 Bankfull
Volga and Oka basins, US.S.R. (Kondrat’ev and others, 1962) ~———--—————-—— 57 22 21 Mean annual
Midwest United States (Leopold and Maddock, 1953) .50 .40 .10 Do.
Brandywine Creek, Pennsylvania (Wolman, 1955) .58 .40 .02 2 percent duration
Ephemeral streams in southwest (Leopold and Miller, 1956) 50 .30 .20 Mean annual
Rivers in England and Wales (Nash, 1959; Nixon, 1959) .53 27 .20 Bankfull
Appalachian streams (Brush, 1961) 55 .36 .09 Do.
Canada rivers, Colorado canals (Kellerhals, 1967) .50 .40 .10 3- to 5-year flood
Illinois Rivers (Stall and Fok, 1968) .48 .36 .16 Of measurement
Average for Alaska rivers (Emmett, 1972) .50 35 15 Bankfull
Rivers in central Idaho (Emmett, 1975) 54 .34 12 Do.
Colorado gravel bed streams' (Andrews, 1984) .480 374 146 Do.
Theoretical approaches

Leopold and Langbein (1962) 55 .36 .09
Langbein (1964, 1965) .50 .37 .13
Ackers (1964) 53 .35 12
Engelund and Hansen (1967) .525 317 .158
Joering and Preul (1973) .50 375 125
Smith (1974) .6 3 .1
Li and others (1976) .46 .46 .08

'Average of values for thick and light bank vegetation.

to discharge characteristics. The approach was apparent-
ly first suggested by W. B. Langbein (U. S. Geological
Survey, written commun., 1966).

The concept as well as the feature differed from the
earlier work. With the bankfull-stage concept, the em-
phasis had been on relating the bankfull channel proper-
ties (dependent variables) to some formative or domi-
nant discharge (independent variable). Langbein instead
suggested relating empirically the average annual
discharge, as the dependent variable, to dimensions of
recognizable active features of the channel, as the in-
dependent variables. This permits estimates of the
discharge characteristic to be made at ungaged sites on
the basis of channel dimensions. The approach infers
that the discharge characteristic to be estimated is
related directly to the formative discharge of streams in
the area of investigation but does not require identifica-
tion of that formative discharge.

Several reference levels have been used; the levels
referred to in this paper are the section defined by
within-channel bars, the active channel section, and the
main-channel section (see fig. 1). Regional investigations
by hydrologists of the U.S. Geological Survey are sum-
marized in table 2 by the reference level used. Those

studies and other investigations are discussed in the sec-
tions that follow.

Within-Channel Bars

Langbein (written commun., 1966) suggested a
reference level defined by the tops of point bars meeting
these conditions: (1) the highest bed forms the particles
of which are subject to annual sediment movement and
(2) the lowest prominent bed forms. He also noted that
the reference level could be related to vegetation zones if
(1) the channel below the reference level generally is free
of nonaquatic vegetation, (2) the zone between the tops
of the bars and the flood plain is occupied by annuals
(forbs and grasses), and (3) the true flood plain is oc-
cupied by shrubs. This section has been described in
more detail by Moore (1968), Hedman (1970), and Hed-
man and others (1972).

Early studies using the in-channel bar feature defined
relations only for mean annual flow. More recent in-
vestigations also have defined relations for floods of
selected frequency. Relations between the 10-year flood
and width between in-channel bars are compared for
selected studies in figure 2.
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Figure 1. Commonly used reference levels,

The first published analysis using the within-channel
feature was that by Moore (1968) for streams in
Nevada. He graphically related mean annual discharge
to the width and average depth of the channel cross sec-
tion defined by the tops of the channel bars and gave
separate results for perennial and ephemeral streams.

In a related study, Hedman (1970) equated mean an-
nual flow of 48 California streams to the dimensions of
the cross section defined by the within-channel bars.
Like Moore (1968), he developed separate relations for
ephemeral (20 sites) and perennial (28 sites) streams.

Kopaliani and Romashin (1970) analyzed relations
between the *“flood-channel” width and the 2-year flood
for rivers in western Georgia, U.S.S.R. Based on their

description of the flood channel, the width used seems
to be compatible with the in-channel feature treated in
this section: ““The flood channel is that part of the
valley which is systematically flooded by high water and
within which sediments are continuously redistributed so
that there is no vegetation. On mountain rivers it is a
wide gravelly-bouldery strip, which dries out during the
low-water period. Its relief consists of gentle mobile
placer deposits of the side-bar or midstream-bar type.’’
In alogarithmic plot relating 2-year flood and flood-
channel width, the data separate into three distinct, but
parallel, groups. In order of decreasing discharge for a
given width, they were braided reaches, reaches with
midchannel and side-channel bars, and meandering
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Table 2. Summary of regional analyses by the U.S. Geological Survey

Region and reference level used

Characteristic used

Mean annual Flood-
flow flows

In-Channel Bar Section:
Nevada (Moore, 1968)

Coastal and southern California (Hedman, 1970)

Kansas (Hedman and Kastner, 1972)
Colorado, perennial streams (Hedman and others, 1972)

> KX

Nevada (Moore, 1974)

Utah (Fields, 1975)
Missouri River basin' (Hedman and Kastner, 1977)

Active-Channel Section:

Kansas (Hedman and others, 1974)
New Mexico (Scott and Kunkler, 1976)

Missouri River basin' (Hedman and Kastner, 1977)

Western United States (Hedman and Osterkamp, 1982)
Kansas, regulated streams (Osterkamp and Hedman, 1981)

bl e e e e

Ohio (Webber and Roberts, 1981)

Tennessee, Cumberland Plateau (Glazzard, 1981)
Missouri River basin (Osterkamp and Hedman, 1982)

Southeastern Montana? (Omang and others, 1983)

Northeastern and western Montana? (Parrett and others, 1983)
Main-Channel Section:

i e R -

Western Mountain areas (Riggs, 1974)

Wyoming (Lowham, 1976)
Idaho, Owyhee County (Riggs and Harenberg, 1976)

Idaho (Harenberg, 1980)

Southeastern Montana? (Omang and others, 1983)
Northeastern and western Montana? (Parrett and others, 1983)

]
i
I e I N R e

'Includes both the in-channel bar and active-channel sections.
*Includes both the active-channel and main-channel sections.

reaches. Although they were defining width as a func-
tion of discharge (and gradient), this writer deduced a
relation of

Q = aW'? Q)

from a plot of their data. This general relation would
apply to all three groups, but the constant of propor-
tionality, a, would vary; average standard error of
estimate (graphical) would be in the range of 30 to 40
percent.

Equations for estimating mean annual flow from
channel geometry in Kansas were developed by Hedman
and Kastner (1972). They used the within-channel bar
feature and gave separate results for perennial and
ephemeral streams.

One of the first studies to relate flood characteristics
to channel dimensions in the United States was done by
Hedman and others (1972). They related mean annual
discharge and 2-, 5-, 10-, 25-, and 50-year flood peaks

to width and mean depth of the within-channel cross
section for perennial streams in Colorado. The standard
errors of estimate for their flood equations ranged from
about 30 to 45 percent and were significantly less than
comparable conventional relations between flood char-
acteristics and basin characteristics. Including mean
depth and drainage area in the equations did not signif-
icantly decrease the standard errors, nor did the use of a
second-degree polynominal.

DeWalle and Rango (1972) used data from 27 small
basins (19.59-303.44 acres) in Maryland, New Hamp-
shire, New Jersey, Pennsylvania, Vermont, and West
Virginia to develop linear relations between the
logarithms of mean annual flood and properties of the
channel cross section. Their channel width was defined
as ““. . . the horizontal distance from the top of the
lowest bank to the opposite bank wall.”” The description
seems to be consistent with that of the within-channel
bar based on their statement ‘. . . the more obvious
upper banks which may be associated with a discharge
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Figure 2. Relations between 10-year flood and width between
in-channel bars.

greater than the mean annual flow were discarded.”’
The results are of limited practical use as only 34 per-
cent of the sample variance was explained by an equa-
tion using width; a relation using only precipitation ex-
plained 83 percent of the sample variance. In an earlier
study of small drainages in the Sleeper’s River basin of

northern Vermont, Zimmerman and others (1967) found

that stream width did not increase in the downstream
direction for drainage area less than 0.8 square mi.
They attributed this to the effect of vegetation, mostly
tree roots, and to relatively small annual peak dis-
charges. This may partly explain the poor results ob-
tained by DeWalle and Rango (1972).

Moore (1974) extended his earlier study (Moore, 1968
for Nevada to include the 10-year flood characteristic.
He developed separate relations for perennial and
ephemeral streams. The 10-year flood was a function of
both width and depth for ephemeral streams but was
related to only the width for perennial streams.

Fields (1975) developed statewide relations for the
mean annual discharge and the 25- and 50-year floods
in Utah using the in-channel bar feature. The State was
divided into three hydrologic areas for floods, and
separate relations were developed for the individual
areas; flood flows were related to only the width of the
section.

In one of the first studies of a large geographical
region, Hedman and Kastner (1977) related mean an-
nual flow and flood flows for the Missouri River basin
to the width of the in-channel bar section and the active
channel. Relations also were defined between the flow
characteristics and conventional basin characteristics.
The basin was divided into six hydrologic areas for both
mean annual flow and floods, but the regions for mean
annual flow generally differed from those for floods.
Standard errors of estimate were comparable for rela-
tions using width of the in-channel bar section and the
width of the active-channel section; however, standard
errors of relations based on drainage area and climatic
characteristics generally were greater except for mean
annual flow in southwestern Iowa and northern
Missouri.

Active-Channel Section

While studying Kansas streams, E. R. Hedman (U.S.
Geological Survey, written commun., 1972) recognized a
channel feature somewhat higher than the in-channel
bars that had been used previously. He first referred to
this feature as the active flood plain but redefined it as
the active channel (Hedman and others, 1974). Oster-
kamp and Hedman (1977, p. 256) described the active
channel as ¢‘. . . a short-term geomorphic feature sub-
ject to change by prevailing discharges. The upper limit
is defined by a break in the relatively steep bank slope
of the active channel to a more gently sloping surface
beyond the channel edge. The break in slope normally
coincides with the lower limit of permanent vegetation
so that the two features, individually or in combination,
define the active channel reference level. The section
beneath the reference level is that portion of the stream
entrenchment in which the channel is actively, if not
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totally, sculptured by the normal process of water and States. These investigations are summarized in table 2,

sediment discharge.”’ and 10-year flood relations are compared for selected
Since then, the active-channel section has been used in studies in figure 3.
numerous studies to define mean annual and flood The active-channel section was first used by Hedman,
flows in the Western States and in selected Eastern and others (1974) to define flood-frequency relations in
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Figure 3. Relations between 10-year flood and active-channel width.
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Kansas. They proposed that, because the active-channel
feature was formed by infrequent flows, the active-
channel section was a better descriptor of floods than
was the in-channel bar section.

Scott and Kunkler (1976) related the width of the ac-
tive channel to characteristics of the 2- through 50-year
floods in New Mexico. One set of relations was used for
the State; however, an area in the southeastern part of
the State was excluded because the channels were ac-
tively entrenching. The relations using channel width
gave significantly smaller standard errors of estimate
than similar relations that used basin and climatic
characteristics.

A similar study for Ohio (Webber and Roberts, 1981)
defined one set of equations that could be used state-
wide to estimate the 2- through 100-year floods; the
average standard errors of estimate ranged from 42 to
55 percent.

Glazzard (1981) defined relations for the mean annual
flow and 2- through 100-year floods in the Cumberland
Plateau, Tennessee, using the active-channel width. The
average standard errors of estimate were about 60 per-
cent for floods. He also used variables representing
stream gradient and percentage of silt, clay, and coal in
stream-bank material. Although the additional variables
produced some decrease in standard error for mean
annual flow, there was no improvement in the flood
relations.

Hedman and Osterkamp (1982) used the active chan-
nel section in an analysis of mean annual and flood
characteristics (2- through 100-year floods) for the west-
ern one-half of the conterminous United States. Their
final equations expressed the flow characteristics as
functions of only the active-channel width. For floods,
the area was subdivided into four areas based on
similarity of climatic conditions. The four areas were (1)
alpine and pine-forested, (2) Northern Plains east of the
Rocky Mountains, (3) Southern Plains east of the
Rocky Mountains, and (4) plains and intermontane
areas west of the Rocky Mountains. Their results are
shown in table 3.

Osterkamp and Hedman (1982) expanded on the
earlier Missouri River basin study by Hedman and
Kastner (1977) by considering the effect of channel-
sediment properties, channel gradient, and discharge
variability. They concluded (p. 1), ‘‘Results show that
channel width is best related to variables of discharge,
but that significant improvement, or reduction of the
standard errors of estimate, can be achieved by con-
sidering channel-sediment properties, channel gradient,
and discharge variability.”” They did not include terms
in the regression relations to represent the additional
factors; instead, the data were stratified based on
those factors, and each group of data were analyzed
separately.

Main-Channel Section

The third and highest reference level used is the main-
channel section (also referred to as the whole-channel
section). This section was described by Riggs (1974,

p. 53) as ¢“. . .variously defined by breaks in bank
slope, by the edges of the flood plain, or by lower limits
of permanent vegetation.”’ He also notes, ‘‘In selecting
the channe] width, one should avoid a high reference
level that does not reflect the present flow regime. This
is most often a possibility on ephemeral streams.”’

Comparing the above descriptions with the various
descriptions of bankfull stage, it is evident that the
main-channel section and the bankfull section are the
same for perennial streams. The relationship is less ob-
vious for ephemeral streams where distinct flood plains
may not be formed; however, there is no evidence to
indicate that the sections are not the same when deter-
mined properly.

The study by Riggs (1974) presented reconnaissance
level relations between 10-year flood and main-channel
width for ephemeral streams in Utah and Wyoming and
perennial streams in Alaska. Relations also were com-
pared for the 50-year flood in the western mountains,
Kansas, and Kentucky.

Riggs and Harenberg (1976) demonstrated for
Owyhee County, Idaho, how channel-geometry meas-
urements could be used to provide estimates of flood
characteristics without visiting the site. The relationship
between the 10-year flood and main-channel width was
developed and used to estimate the 10-year flood at 79
sites in and adjacent to Owyhee County. The resulting
estimates and those for 33 gaging stations were plotted
on a map of the county; the map can be used for inter-
polation to make estimates at intermediate sites.

Lowham (1976) used the main-channel section to
define relations for mean annual flow and 2- through
100-year flood flows for Wyoming. For floods, the
State was divided into four hydrologic areas, and
separate relations were defined for each area. Average
standard errors of estimate for all frequencies ranged
from about 34 to 75 percent and were smaller than
standard errors for comparable relations that used
drainage basin and climatic variables. More recently,
Lowham (1982) developed a relation between the
geometric mean of peak discharges (approximately the
2-year flood) and main-channel width for Wyoming that
had an average standard error of estimate of 47 percent.
The relation applies ¢“. . .to all types of streams, in-
cluding perennial, intermittent, and ephemeral types of
either the mountains or plains, provided the channel is
stable and has been formed by the hydraulic forces of
floodflows’” (Lowham, 1982, p. 37).

Harenberg (1980) used the bankfull width to define
relations for the 1.5- through 100-year floods for Idaho.
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Table 3. Equations for determining flood-frequency discharge for streams in Western United States

[Modified from Hedman and Osterkamp (1982)]

Standard error of

Areas of similar climatic characteristics Equation? .
estimate (percent)
Alpine and pine-forested Q. = 1.3W, ' ¢ 44
Qi = 4.4W, ' ¥ 38
Qxc = 7.0W, ' *° 42
Qs = 9.6W, ' * 45
Q= 13W ' 50
Northern plains east of Rocky Mountains Q: = 4.8W, ' 62
Qo = 46W, ' ° 40
Qi = 61W, 0% 44
Qe = 130W, ' ¥ 50
Q= 160W, " ** 58
Southern plains east of Rocky Mountains (subject to intensive precipitation events) —~——-- Q: = 7.8W, "7 66
Qo = 84W, ' *° 56
Q:c = 180W, ' ** 57
Qs = 270W, ' *° 59
Qo= 370W 62
Plains and intermontane areas west of Rocky Mountains Q.= 1.8W, ' 120
Qv = 14W, ' 60
Qi = 22W, 1 62
Qu = MW, ' *° 71
Qo= S9W ' *° 33

'Active-channel width, W A

“fis bankfull width is equivalent to the whole-channel
~vidth used in the Owyhee County report (W. C. Haren-
“erg, U.S. Geological Survey, oral commun., 1982).
The equations were applicable statewide and had aver-
age standard errors of about 70 percent.

The relations between 10-year flood and main-channel
width for these studies are shown in figure 4.

"JSE OF CHANNEL-GEOMETRY RELATIONS

Channel-geometry measurements are proven indices
“or use in estimating flood-frequency characteristics at
1ingaged locations. The technique can be used where
relations between flow characteristics and traditional
I~asin and climatic characteristics are poor, or channel
measurements may be used to provide virtually inde-
1endent estimates for comparison with the traditional
¢ pproaches. However, the method may not provide reli-
¢ ble results for areas where bedrock prevents the chan-
~e] from adjusting to accommodate the normal regimen
«f flow. Similarly, the approach is not applicable on

in feet; discharge, Q. in cubic feet per second, where n is the recurrence interval, in years.

braided, sand-channel streams where channels have not
stabilized. Where possible, sections should be located in
straight reaches where flows are approximately uniform.
In meandering streams, Lowham (1976) suggested
locating sections in the cross-over area, midway between
bends. Channel dimensions need to be measured at two
or three cross sections separated by at least one channel
width, and average values should be used in
computations.

Regardless of which of the three sections is used, ex-
perience is needed to identify the proper reference level.
Before making channel measurements, a few days of
field instruction should be obtained from a person ex-
perienced in the technique. Training needs to be done in
a hydrologic environment that is similar to that where
the relations will be used; the various sections generally
are much easier to identify on perennial streams than on
ephemeral streams. In using an existing relation, only
those variables contained in the relation need to be
measured. If a new relation is being developed, how-
ever, other factors such as channel slope and bed and
bank material should be obtained in addition to the
width and average depth of the section.

Selected Papers in the Hydrologic Sciences 61



10,000

1000

100 |-

10-YEAR FLOOD, IN CUBIC FEET PER SECOND

A -D. Wyoming (Lowham, 1976)
A. Northwest Wyoming
B. Green River basin, Wyoming o
C. Eastern Plains, Wyoming
D. Black Hills and Laramie, Wyoming

E£. Owyhee County, Idaho {Riggs and
Harenberg, 1976)

F. ldaho (Harenberg, 1980)

G. Southeastern Montana (Omang, Parrett,
and Hull, 1983)

H. Northeastern Montana (Parrett, Omang,

A’ and Hull, 1983)
F 1 -
0] 10 100 1000

MAIN - CHANNEL WIDTH, IN FEET

Figure 4. Relations between 10-year flood and main-channel width.

RELIABILITY

The reliability of flow estimates from channel
characteristics depends on both the applicability of the
regional relation (calibration and model errors) and on
the ability of different individuals to recognize and
measure the channel dimensions used as independent
variables (application error).

The calibration and model errors include those in
estimating the discharge characteristics used to develop
the relations and are reflected in the standard errors of
estimate reported for individual studies. However, at
this time, the components cannot be separated; that is,
the contributions attributed to errors in the calibration
discharge estimates, to the use of the power, and td\

measurement errors by the individuals developing the
relations cannot be identified separately. Most investiga-
tions using channel geometry have found that standard
errors of estimate are equal to or less than the standard
errors for conventional methods.

The principal difference between the conventional
regression relations and those using channel geometry is
in the degree of subjectivity involved in defining the in-
dependent variables. For example, numerous maps of
an area may give mean annual precipitation, but, if a
particular map is specified, all users could derive about
the same estimated value for a particular basin. With
relations based on channel geometry, however, the user
needs to be able to recognize the feature and to measure
it consistently.
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Table 4. Summary of cross correlations between measurements by individuals

[From Wahl, 1976]

Section

Statistics of correlation coefficients

Mean Standard deviation Range

Low Bar:
Width 0.95 0.055 0.74-0.99
Depth .74 128 51— .93
Active Channel:
Width .97 .028 91- .99
Depth .59 .164 .27- .83
Main Channel:
Width .92 .067 .79~ .99
Depth .59 193 .16- .89
Variation Between Individuals Q = aWy, o)

Wahl (1976) conducted a test designed to define the
possible variability of channel measurements by individ-
uals. An added objective of the test was to gain insight
into potential advantages and disadvantages of the three
reference levels. The test was conducted in northern
Wyoming. Seven individuals, all experienced in using
channel-geometry techniques, independently visited 22
sites and measured channel dimensions in sections of
their choosing. Only general reaches of each stream
were identified so the cross sections at which individuals
measured channel dimensions were of their own choos-
ing; thus, the variability of measurements between in-
dividuals reflected the combined effects of differences in
cross-section location within the test reach and dif-
ferences in identification of the reference levels. This
should reflect the variability resulting from trained in-
dividuals measuring channel size in an ungaged reach.

A summary of the statistics of cross-correlation coef-
ficients between measurements for width and average
depth of the three reference levels is given in table 4.
The data in table 4 show a high correlation among
width measurements for all three reference levels.
However, the correlation among depth measurements is
low. This can be rationalized by considering that depths
are relatively shallow and that slight differences in
locating the top of a reference level will have little effect
on the overall measurement of width but a significant
effect on the average depth. Wahl (1976) also used
analysis of variance to test for differences among in-
dividuals in the average values of a given channel-size
dimension. The hypothesis of no difference among
means for individuals was accepted at the 95-percent
level for widths of all three reference levels.

Relations between a discharge characteristic, Q, and
channel width, W, usually take the form

where a and b are numerical constants. This is a linear
relation when expressed in logarithms:

logQ =loga + blog W. ©)

For the Wyoming test, the average standard deviation
of log W (base 10 logarithms) for the seven individuals’
estimates was 0.089. Given a relation of the form of
equation 6, the standard error in log Q produced by
variation in estimates of W is b times the standard error
of log W. Wahl (1976) assumed that b averaged about
1.5 and arrived at an estimate of the standard error in
log Q of 0.13 log unit due to variation in width meas-
urements alone. This converts to an error of about 30
percent in estimated discharge. In addition, Wahl (1976)
noted an average bias (with respect to the mean) in log
W of 0.06 log unit or about 14 percent.

The effect of the variation in channel-width measure-
ments by individuals is to increase the error of applying
a relation to more than that indicated by the standard
error of estimate, which shows the calibration and
model error. Assuming the three errors are independent,
the true error would be the square root of the sums of
the squares of the individual components. For example,
the 25-year flood for the alpine area from table 3 shows
an average standard error of estimate of 42 percent or
0.178 log unit. The true error in log units of using this
relation, accounting for both variation and possible bias
in width measurements, would be

((0.178)* + (0.13)* + (0.06))0.5 = 0.228. )]
This yields an average error of 55 percent compared

with the calibration error of 24 percent. The relationship
between standard error of estimate and application error
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is shown in figure S; this relationship assumes that
the exponent of width is 1.5 and that the errors are
independent.

It should be noted, however, that the sites in the
Wyoming test were chosen for their diversity. The sites
ranged from ephemeral streams in a nearly desert envi-
ronment to perennial streams in a high mountain envi-
ronment. The variability of measurements in this test
probably is greater than normally would be encountered
in applying channel-geometry measurements in a par-
ticular hydrologic area.

Some Comparisons

Comparing published results for different
physiographic areas is difficult because the areas have
morphological and hydrological differences. In addition,
three different reference levels have been used, and
some relations include independent variables not used in
other studies. However, general comparisons are possi-
ble for studies that have overlapped or covered similar
physiographic regions. For example, agreement shown
in figure 2 between the 10-year flood results for the
mountains of Colorado (Hedman and others, 1972) and
the mountains of the Missouri River basin (Hedman and
Kastner, 1977) is good. Results for the mountains of
Nevada (Moore, 1974) also compare well with the above
results.

Similar comparisons in figure 3 show that for the
10-year flood and the active-channel width, the relations
for the alpine areas of the Western United States (Hed-
man and Osterkamp, 1982) and for the mountains in
the Missouri River basin (Hedman and Kastner, 1977)

are almost identical. The relation for New Mexico (Scott
and Kunkler, 1976) has about the same exponent but
has a different intercept.

Selected relations for the 10-year flood and the main-
channel section are shown in figure 4. Only the results
for Owyhee County, Idaho (Riggs and Harenberg, 1976)
and the statewide study for Idaho (Harenberg, 1980) are
directly comparable and are quite similar.

NEED FOR ADDITIONAL STUDY

Studies to date (1984) have clearly shown that stable
channel] dimensions are viable indices of the flow
characteristics of rivers. Much needs to be done,
however, to realize fully the potential of this approach.
A number of features including the in-channel bar sec-
tion, active-channel section, and the main-channel or
whole-channel section presently are being used to define
flow characteristics. Consequently, it is difficult to make
comparisons between studies, and the applicability of in-
dividual results are dependent on the ability of a user to
identify the feature used in developing the relation.

Relations need to be defined between the dimensions
of the various reference levels and the areas over which
the relations apply. Riggs (1978) developed the following
relation between main-channel width and active-channel
width:

MC = 1.75 ACO%, ®)

where MC is the main-channel width, and AC is the
active-channel width; all units are in feet. He suggested
that this relation could be used in semiarid regions to
estimate one width from another. However, a similar
relation developed by the author for the Wyoming test
data given by Wahl (1976) produced unusable results.
This probably was because of the extreme variation in
stream types in the Wyoming test.

Additional work is needed to determine the role of
other variables. Several investigators (Schumm, 1960;
Glazzard, 1981; Osterkamp and Hedman, 1982) have
examined the relation between sediments in the bed and
banks and channel size. Results to date (1984) have
varied from region to region. Andrews (1984) examined
data for gravel-bed streams in Colorado and separated
the data into two groups depending on whether bank
vegetation along the study reach was light or thick. He
made width, depth, and velocity dimensionless by
dividing each by the median particle diameter in the
riverbed surface. Regression relations for hydrologic-
geometry exponents showed no significant difference
between data for light and thick bank vegetation;
however, the regression coefficients a, ¢, and k were
significantly different. This implies that exponents for

, gravel-bed rivers are the same regardless of region.
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Examination of the hydraulic-geometry exponents in
table 1 suggests that for a given channel type, a fixed
relation may exist between some formative discharge
and channel width. If so, there would be justification
for imposing a slope for width-discharge relations and
allowing the constant (intercept) to be determined by the
data. This would minimize the variability among rela-
tions that is now produced by fitting curves to a limited
range of data. Based on the theoretically derived rela-
tions for the regime equations, such a formative
discharge, if it exists, should relate to width raised to
the 1.8 to 2.0 power. However, this would only be true
for the formative discharge of a river, which is
unknown; using the same exponent for other discharges
would imply that the variability of flows of large
streams is as large as that of small streams. Osterkamp
and Hedman (1977) have attempted this approach, but
additional work is needed.

Much of the work to date (1984) has dealt with ef-
forts to define regional relations (calibration). Ways
should be sought to make the calibration results more
useful. Additional work also is needed to refine esti-
mates of the application errors. The application errors
estimated by Wahl (1976) probably are anomalously
large because of the extreme variability designed in the
experiment.
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